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Foreword 


Recent years have seen a remarkable advance in every phase of enzy- 
mology. Indeed, research in this field has progressed to such an extent that 
a survey of its findings in comprehensive form has become increasingly im¬ 
perative. Enzymology has become the central province of biochemistry. 
Enzymes are the principal tools of the living cell ; non-enzymatic substances 
and conditions known to be important for the functioning of living matter 
in an ever-increasing number of cases have been shown to exert their action 
by means of enzymes, sometimes as components of enzyme systems, and 
in other instances by regulating the rate or mode of action of an existent 
enzyme. It is therefore self-evident that enzymology must form an essen¬ 
tial part of all biological sciences. Equally, the problem of the chemical 
nature of enzymes and its relation to their catalytic activity is one of the 
most intriguing questions of organic and physical chemistry. Enzymes have 
been prepared in a pure state, but we cannot yet explain how they exert 
their enormous and highly specific catalytic action. All that can be done at 
the present time is to gather and sift available knowledge, present it in an 
orderly fashion, and try to utilize it for the advancement of enzymology. 
It is our aim, therefore, to present systematically the accumulated knowl¬ 
edge in the various phases of enzymology a.s a comprehensive survey which 
will be of the most efficient service both to those already working in the 
field and to those preparing to enter it. In order to accomplish this purpose 
adequately a great number of our colleagues—each of them an authority 
on certain aspects of the subjects—^have been invited to cooperate in this 
undertaking. In all, seventy-eight scientists in the United States, Europe, 
and Australia have united in this endeavor, and it is their sustained in¬ 
terest and effort which has made our project possible. 

It is understandable that a treatise by different authors should be less 
homogeneous than a book written by one, were such a work on enzymology 
possible in our times. However, the editors have thought it better to give 
the authors considerable liberty in the composition of their chapters than 
to try achieve a uniformity which could in any case be only superficial. 
The editors are well aware that a certain amount of overlapping is inevitable 
between certain chapters, but they deemed it more helpful to the reader to 
have the individual chapters as complete as possible without too many cross- 
references. 

In the treatise, an introduction into the special chemistry of the various 
enz3rmes is given in a section consisting of eight chapters on general ques¬ 
tions of enzymology, such as the foiination of enzymes, their role in adapts- 
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tion, their cytological foundation, their relation to other biologically activ* 
substances and to immunochemistry. Sections dealing with the physical 
chemistry of enzymes, the kinetics of enz 3 nne reactions and the inhibition 
of enzymes by chemical reagents have also been included here. In a special 
part of the work chapters have been devoted to all enzymes which can be 
said with any certainty to possess an individual existence and which are 
reasonably well known. The editors are aware that reactions, said to be en¬ 
zymatic, have been reported which have not been mentioned here. The 
reason for the omission is, in the majority of cases, that the enzymatic 
nature of the reactions seems very doubtful. 

Our general idea has been that this work should be a treatise of en- 
zymology; we did not intend to present to the initiated reader recent 
developments in the chemistry of certain enzymes, or of certain enzymatic 
processes, but to present, to any reader, the chemistry of the enzyme or the 
mechanism of a process as a whole—in other words, to present as far as 
possible, every fact, either old or new, which has a bearing upon the general 
understanding of the problem in question. In order to achieve this object, 
it has not been considered necessary or even appropriate to include a com¬ 
prehensive survey of practical methods used in enzymology. Therefore, 
methods have been described in these volumes only to the extent that they 
are required for a complete understanding of the subject. 

When trying to systematize the special chemistry of enzymes, one is con¬ 
fronted with various difficulties. The basis of the classification of enzymes is 
their specificity, and on the principle of reaction and substrate specificity 
hydrolytic enzymes and certain others can be classified fairly well. How¬ 
ever, in other cases it does not seem possible or suitable to adhere strictly 
to this scheme. In a few instances, the nature of the prosthetic group of an 
enzyme can be used as the basis of classification, for example, with enzymes 
containing iron, copper, etc. But with many enzymes, especially those in¬ 
volved in dissimilations known as fermentation, respiration, etc. it has 
appeared desirable not only to describe the individual enzymes but also 
to give comprehensive chapters on the mechanisms as such. In a few cases, 
so very little is known about the participating enzymes that only an over¬ 
all description of the complex reactions has been presented. The closing 
chapters of the work are devoted to tumor enzymology and to enzyme 
technology. 

It must be recognized that a very considerable expenditure of time is 
involved in the preparation of a work of this kind, and that new material 
will have inevitably appeared in the literature before the release of the sub¬ 
sequent parts of the work. We hope, however, that most of the pertinent 
information available at the time of publication will be contained in each 
volume. 
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The publication of a work of this scope represents a somewhat venture¬ 
some enterprise on the part of the Publishers, and the Editors wish to 
acknowledge the service which the Publishers are rendering to the cause of 
our science. 

An Author and Subject Index will be included at the end of Volume I, 
Part 2 and Volume II, Part 2. The Subject Indexes will be prepared by 
Dr. Martha Sinai. 

We regret to report that one of our most illustrious associates, Professor 
Leonor Michaelis, died a short time ago. This is not the proper place to 
enter upon an evaluation of his work and its importance for enzymology. 
May it suffice to state that many of his investigations form a lasting part 
of the fundamentals of biochemistry—of which the reader will find ample 
evidence in the subsequent pages. Perhaps the chapter written by Michaelis 
for this treatise may be considered his last contribution to science. 

James B. Sumner 
Karl Myrback 
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I. The Role of Enzymes 

One way of defining life is as an orderly functioning of enzymes. Disease 
manifests itself as a disorder, inhibition, or hyperfunction of enzymes. All 
sorts of chemical changes take place in living matter; most of these changes 
do not occur spontaneously. On the contrary, these reactions are so slow 
that many of them by themselves would not take place at all. The reason 
why the living cell can bring about these reactions is that it possesses an 
equipment of catalysts, the enzymes. Practically all reactions which occur 
in organisms can be attributed to the action of enzymes and enzymes and 
genes can be called the fundamental units of life. 

Only within the past fifty years has the significance and importance of 
enz 3 rme 8 in biology been fully realized. At the present time the enzyme 
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field has become greatly broadened, and it now interests the bacteriologist 
and the researcher in natural sciences as well as the biochemist and the 
physiologist. Enzymic reactions and the quantitative determination of 
enzymes are acquiring more and more importance in clinical medicine. 
Enz 3 m[iic reactions are of immense value in industrial chemistry. 

New enzymes are being discovered every year, and there is little doubt 
that a great many others await detection. Enzyme chemistry and its appli¬ 
cation in science and technology is in a state of continuous and rapid 
evolution. 

Enzymes are present in all organisms, both in the cells and in such fluids 
as plant sap, blood plasma, saliva, gastric juice, urine, and milk. Some 
enzymes seem to occur dissolved in the cytoplasm; many appear to be 
bound somehow to cell structures such as mitochondria and different types 
of granules. 

Since hundreds of chemical reactions are necessary for the existence, 
growth and reproduction of organisms it is readily seen that the enzymes 
which catalyze these reactions must possess a high degree of efficiency in 
order that they may all be packed into cells. Enzymes are effective in 
bringing about chemical reactions at relatively low temperatures and in 
approximately neutral solutions in water, whereas the catalysts frequently 
employed by the organic or industrial chemist to bring about the same 
reactions, i.e., strong sulfuric acid, potassium hydroxide, chlorine, are 
violently corrosive and often require a temperature of 100° or more. 

n. Definitions 

An enzyme or ferment is defined as a catalyst of biological origin, possess¬ 
ing a high molecular weight. The term ferment (Latin, fermentum) has been 
used for centuries; the name enzyme (from Greek literally ‘‘in yeast” 

was introduced by Kiihne in 1878. 

In the light of our modern conception of the chemical nature of enzymes 
it seems extremely probable that all enzymes are proteins or contain a 
protein component. Therefore the definition above can be written: “En¬ 
zymes are specific, catalytically active proteins, simple or conjugated.” 
It was supposed earlier, as for instance by Willstatter, that all enzymes are 
composed of an “active prosthetic group” and a “colloidal carrier.” How¬ 
ever, it seems clear by now that many enzymes are proteins without any 
detectable prosthetic groups. 

A catalyst (Berzelius, Mitscherlich, W. Ostwald) is a substance which 
influences the velocity of a chemical reaction without being used up in the 
reaction. The statement, that catalysts act “by their mere presence” is 
certainly not correct. Catalysts take part in reactions, but they reappear in 
their original form. They change during the reaction, but they describe a 
cycle and theoretically a catalyst can convert an unlimited amoimt of 
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reacting substance. In practice the amount is limited because the catalyst 
sooner or later becomes irreversibly changed by side reactions. However, 
very often the amount of reaction product is extraordinarily large as com¬ 
pared to the amount of catalyst used. 

In enzyme chemistry we are, on the whole, concerned only with positive 
catalysis; the enzymes accelerate reactions, which are, in themselves, 
thermodynamically possible, i.e., are attended by a loss of free energy. 
However, in order to make a reaction take place, which is in itself possible, 
there is a certain resistance to be overcome. In other words, the molecules 
must be activated; a certain amount of ‘‘activation energy’* has to be 
supplied. We can describe enzyme action by stating that the enzyme lowers 
the amount of activation energy required by the reaction. In reality the 
“acceleration” of a reaction is often equal to the “bringing about” of the 
reaction which otherwise does not occur under the prevailing experimental 
conditions. 

Enzymes differ from other catalysts in several respects. These differences 
are of course due to the chemical nature of enzymes and many of these 
differences are dependent on properties more or less common in all proteins. 
Thus, enzymes are thermolabile; they are inactivated at certain tempera¬ 
tures in a manner characteristic for protein denaturation. But the difference 
between enz 3 anes and other catalysts displays itself most clearly in one 
respect: enzymes generally have an extremely specific action. Whereas 
metallic nickel, for instance, can be used for the hydrogenation of a great 
variety of substances, the enzymic hydrogenation of different substances 
requires a whole series of different enzymes, each specific for one substance, 
or a small group of substances. The substances on which enzymes act 
specifically are called the substrates of the enzymes. Enzyme action is not 
only limited to one type of reaction as the hydrolysis of a glycosidic linkage, 
the desmolysis of a carbon-carbon bond, dehydrogenation, etc. {reaction 
specificity)^ but limited also to a few individual substrates or in many cases 
to one substrate {substrate specificity). This specificity is the basis of enzyme 
classification. 


m. Terminology and Classification 

Those enzymes that were the first to be discovered were given names 
in an unsystematic manner, e.g., diastase, emulsin, ptyalin, pepsin, trypsin. 
In 1883 Duclaux introduced the custom of naming an enzyme after the 
substance (substrate) upon which it acts, followed by the ending “-ase,” 
thus peptidase, esterase, and urease. However this principle can not be 
realized without many exceptions. Sometimes, especially in the case of 
typical reaction specificity, it has proven necessary to name enzymes after 
reactions they catalyze. Such names are dehydrases (enzymes removing 
water), desulfurases (removing hydrogen si^de), and dehydrogenases 
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(removing hydrogen). In many cases we are compelled to retain the old 
unsystematic names or even to find out new unsystematic ones, because the 
specificity of an enz 3 rme does not always allow a rational nomenclature. 
The name pepsin is retained for the proteolytic enzyme most active at pH 
1.5 and originating from the gastric mucosa of mammals. Its action is 
certainly a hydrolysis of peptide bonds, but it is limited to peptide bonds 
between amino acids of definite constitution. In this case the substrate 
specificity cannot be defined in a simple formula and accordingly no rational 
name can at the present time be given to this enzyme. 

In some cases old unsystematic names have been retained as designation 
for certain characteristic raw materials, e.g., sweet almond emulsin (fi- 
glycosidase). 

A few enzymes have been named after the substances which they syn¬ 
thesize with the ending “-ese” to signify a S 3 mthetic action. Thus we have 
rhodanese, which forms rhodanate irreversibly from hydrocyanic acid and 
sodium thiosulfate or colloidal sulfur. It would be superfluous and inap¬ 
propriate to use this designation in the many cases where an enzyme cata¬ 
lyzes degradation of a substrate and its synthesis as well. 

The specificity of enzymes is the foundation of the system of classification. 
First of all it is possible to define a large group of enzymes as hydrolyzing 
enzymes, or hydrolases. Certain linkages between carbon atoms on one hand 
and nitrogen, oxygen, or sulfur atoms on the other, are ruptured by these 
enzymes, and water is taken up. Within the group of hydrolases classifica¬ 
tion follows the substrate specificity. Thus we have esterases, glycosidases, 
peptidases and amidases. These groups can be further subdivided: the 
esterases comprise lipases (hydrolyzing fats), esterases in a limited sense 
(hydrolyzing simple esters of fatty acids), acetylesterase (acting preferably 
on acetic acid esters), tannase (hydrolyzing esters of gallic acid and tannins), 
chlorophyllase (splitting off phytol from chlorophyll) tropinesterase, cho¬ 
linesterase, phosphatases and sulfatases. A similar classification has been 
applied to the other groups of hydrolases. 

The enz3rmic degradation of important natural products sometimes in¬ 
volves hydrolysis of more than one type of linkage. In some cases therefore, 
it may be convenient not to classify enzymes strictly according to reaction 
specificity, but to collect enzymes of different specificity in special groups 
which are involved in the degradation or synthesis of certain substances. 
This has been done here and there in this book, as for instance in the case 
of enzymes hydrolyzing nucleic acids and their degradation products, or in 
the case of polysaccharide synthesis. 

Some feature of an enzjnmic reaction, perhaps in itself of secondary 
importance from the viewpoint of chemistry, may be highly conspicuous or 
important from a practical point of view, and this may justify a departure 
from a classification based on reaction specificity. From consideraticms 
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this kind, enzymes which coagulate blood and milk have been treated in 
separate chapters instead of being included among the proteolytic* enzymes, 
to which group they belong. 

Recently an important group of enzymes has been discovered, the action 
of which is analogous to hydrolysis, with the difference that phosphoric 
acid has taken the place of water. These enzymes are called phosphorylases. 
The phosphorylases are the most important agents in the synthesis of 
oligo- and polysaccharides, and this has occasioned treatment in the same 
chapter of other enzymes involved in these syntheses. 

The action of certain enzymes can be described as a transfer of a radical 
or group from one substance, the donor, to another substance, the acceptor. 
Among these enzymes, which may conveniently be called transferases, we 
have the important groups of aminotransferases (transaminases) and trans- 
methylases. The phosphotransferases (phosphokinases) probably have the 
same type of action, but since they are deeply involved in carbohydrate 
metabolism they have been treated in this book along with the enzymes of 
fermentation, glycolysis and respiration. Certain carbohydrases have an 
action which gives reason for their designation as ‘Transferases. 

A few splitting enzymes cannot conveniently be fitted into the above 
system of classification of hydrolases. For example, there is penicillinase 
that splits a peptide linkage in a lactam ring, and thiaminase that splits 
a carbon in quarternary nitrogen linkage with the uptake of water. Histidase 
and urocaninase open the imidazole ring. These enzymes have been treated 
in chapters of their own. 

In earlier treatises on enzyme chemistry all enzymes which are not 
hydrolyzing were sometimes grouped under the title: enzymes of fermenta¬ 
tion and oxidation. There are many good reasons for this, but it should not 
be forgotten that hydrolases also play a role in fermentation and respiration 
and that among the enzymes of respiration and fermentation there are some 
with widely differing specificities and modes of action. Neuberg has proposed 
the name of “desmolases” (Greek d^afios) for enzymes that rupture chains 
of carbon atoms. This designation fits very well one group of enzymes 
involved in fermentation and respiration, viz., the aldolase and the de¬ 
carboxylases, but it is not suitable as a designation of oxidizing or dehydro¬ 
genating enz3niies. 

A more detailed classification of the enzymes of fermentation and respira¬ 
tion appears desirable. However it is only partly possible to realize this 
wish. The classification used in this book is to be regarded as only tentative; 
it is certainly not logically consistent. It is possible to classify some enzymes 
according to their chemical nature or, more exactly, according to the 
chemical nature of their prosthetic groups. Among such are the hematin 
enzymes, the flavin enzymes, the copper enzymes and those enzjrmes which 
contain coenzyme I or coenzyme II. 
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A group of ensymes with a well definable common reaction specificity 
cmnprises those enzymes which remove water (dehydrases) or hydrogen 
sulfide (desulfarases), or ammonia (desammonases) from certain substrates 
with the formation of a carbon-carbon double bond. The reaction is re- 
vermble, since dehydrases catalyze also the addition of water to certain 
unsaturated compounds. (In this connection it may not be superfiuous to 
point out that dehydrases are enzymes removing or adding water whereas 
dehydrogenases are enzymes, the action of which can be described as a 
removal of hydrogen from a substrate or the transfer of hydrogen from a 
donor to an acceptor. In earlier treatises, especially in the German language, 
the dehydrogenases were often termed dehydrases.) 

A special chapter has been devoted to enzymic syntheses of various sub¬ 
stances, which cannot be regarded as simple reversions of the degradation 
by hydrolases; here we have placed such enzymes as choline acetylase and 
enzymes involved in the s}rnthesis of urea, peptide bonds and glutamine. 
Finally there are several highly important phenomena where our knowledge 

the participating enzymes or even the reactions themselves is so frag¬ 
mentary that only a general description of the phenomena as such is 
possible. Thus chapters have been devoted to subjects as assimilation of 
CO« and N« and tumor enzymology. 

IV. Enzymes as Systems 

The investigation of enzymes has been carried on as a rule using a single 
enzyme in an unpurified or in partly purified condition and under various 
conditions of temperature, pH, and substrate concentration. It must be 
understood, however, that in the living organisms enzymes act together as 
systems. Thus, in the gastrointestinal tract first one enzyme and then 
another acts to hydrolyze proteins down to amino acids. In the cells glyco¬ 
gen is broken down to carbon dioxide and water step by step by a large 
number of enzymic reactions. Hydrogen is removed from various substrates 
by dehydrogenases. It is next taken up by yellow enzymes and is finally 
oxidized to water by the cytochromes and cytochrome oxidase. 

It can readily be seen that where a system of enzymes is concerned there 
is little likelihood that intermediate products >vill accumulate. 

V. The Early History of Enzymes 

Much of the early history of enzymes is connected with investigations 
of alcoholic fermentation and putrefaction.* In 1659 Willis and in 1697 
Stahl tried to explain fermentation as a process whereby a body in a state 
of internal action communicates this motion to another body that is then 
fomented. In 1680 van Leeuwenhoeck described the appearance of yeast 
esUs under the microscope but this observation remained unnoticed or 

' A. Harden, Aleoholio Fermentation, 4th ed., Longmans, Qreen, London, 1983. 
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forgotten for more than a century. In 1787 Fabroni defined fermentation as 
the decomposition of ofie substance by another substance. 

Lavoisier,* one of the founders of modem chemistry, in 1789 prepared a 
balance sheet by which he attempted to show that when sugar undergoes 
alcoholic fermentation the carbon, hydrogen, and oxygen of the sugar can be 
accounted for in the alcohol, carbon dioxide, and acetic acid that are formed. 

Schwann* in 1837 attributed putrefaction to the presence or living 
bacteria. In 1838 Cagniard-Latour^ regarded yeast cells as living organisms, 
probably vegetable in nature and the cause of fermentation. In this same 
year Kiitzing*^ stated that alcoholic fermentation is caused by yeast. 

In 1839 von Liebig® attempted to explain fermentation by means of a 
theory similar to that of Willis and Stahl. He maintained that a ferment, 
which is not a living organism, is a substance undergoing a progressive 
metamorphosis that, as a result of this change, brings about fermentation. 
Berzelius^ in this same year explained fermentation as caused by a catalytic 
force. He maintained that a body by its mere presence could arouse affinities 
is the fermentable substance which could cause a rearrangement to take 
place. 

Pasteur demonstrated in 1857® that lactic acid formation requires the 
presence of living bacteria and that alcoholic fermentation requires living 
yeast cells. He observed that during fermentation there occurs a multiplica¬ 
tion of the yeast cells. He regarded fermentation as a physiological process. 
In 1858 M. Traube* announced the theory that fermentation is brought 
about by living organisms and that these organisms act through the fer¬ 
ments which they contain. He regarded ferments as closely related to 
proteins. 

In 1897 Edward Buchner obtained zymase from yeast and showed that 
this cell-free liquid was able to ferment sugar to alcohol and carbon dioxide.^® 
While organized ferments, such as those concerned with fermentation and 
putrefaction were being investigated, unorganized ferments also were being 
studied. At one time it was believed that gastric digestion was a grinding 
process that transferred food into particles fine enough to be absorbed 
directly. This theory was disproved by de R&imur, who allowed a falcon to 
swallow a perforated metal tube containing meat. He observed that this 
meat was dissolved. 

• A. Lavoisier, Trait4 El^mentaire de Chimie, Cuchet, Paris, 1789, p. 139. 

• T. Schwann, Ann. Physik. 41, 184 (1837). 

^ Cagniard-Latour, Ann. chim. et phys. 68, 206 (1838). 

• F. KUtzing, J. prakt. Ckem. 11, 3^ (1837). 

• J. von Liebig, Ann. 30, 250 (1839). 

^ J. Berzelius, Jahresbericht uber die Fortschritte der phytischen Wissenschaften 
18,400 (1839). 

•L. Pasteur. Compt. rend. 45, 1913 (1857). 

• M. Traube, Theorie der Fermentwirkungen. Ferd. Dumxnlers Verlagsbuch- 
handlung, Berlin, 1858. 

®®£. Buchner, Ber. 80, 117 (1897). 
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In 1783 Spallanzani" fed animals meat in tiny wire cages and noted that 
the meat was dissolved in the stomach. He observed also that meat was 
dissolved by the gastric juice. 

In 1810 Planche observed that extracts of plant roots turn tincture of 
guaiac blue. He noted that the agent that does this is thermolabile and 
named it “cyanogen.** In 1814 Kirchoff observed that the glutinous com¬ 
ponent of wheat is capable of converting starch into sugar and dextrin. In 
1830 Robiquet and Boutron as well as Chalard discovered the hydrolysis of 
amygdalin by bitter almonds. In 1837 Liebig and Wohler named the enzyme 
“emulsin.** In 1831 Leuchs described the action of the ptyalin of saliva upon 
starch. In 1833 Payen and Persoz‘* were able to extract amylase from 
germinating barley and to precipitate it as a white powder through the 
addition of alcohol. 

In 1835 Faure described sinigrinase, the enzyme (really two enzymes) 
that decomposes sinigrin into D-glucose, allyl mustard oil and potassium 
bisulfate. Schwann discovered pepsin in 1836 and in 1856 Corvisart de¬ 
scribed trypsin. 

In 1858 Pasteur discovered that green mould fermented dextro-tartaric 
acid but not levo-tartaric acid. In 1860 Berthelot obtained solutions of 
saccharase from yeast. In 1862 Danielewski, using adsorption, separated 
pancreatic amylase from pancreatic trypsin. 

In 1878 Kiihne suggested that unorganized ferments, such as pepsin, 
ptyalin, emulsin, etc. be called “enzymes.** In 1883 Duclaux introduced the 
custom of designating an enzyme by the substrate upon which it acts as the 
prefix, followed by the ending “ase.** Bertrand discovered that certain 
enzymes require dialyzable substances for their activity and called such 
substances “coenzymes.** Harden and Young in 1906 discovered that yeast 
zymase contains a coenzyme, subsequently called “co-zymase.I* In 1898 
Croft-Hill demonstrated the synthetic action of yeast maltase. 

VI. Some Discoveries and Theories of Fundamental Importance for the 
Modem Development of Enzyme Chemistry 

1. Organized and Unorganized Ferments 

At the end of the 19th century many of the reactions now regarded as 
typically enzymic were thought to be inextricably associated with living 
organisms as such. Although it was admitted, at least by certain biochemists 
of those days, that the reactions were “fermentative,** it seems to have been 
supposed that the ferments in question could not be extracted, with intact 
activity, from the cells or tissues. On the other hand, as we have seen 

“ A. L. Gillespie, The Natural History of Digestion. London, 1898, p. 16, 

A. Payen and Persoz, Ann, ehim. ei fhyB, 68,73 (1833). 
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already, many examples were known where the “ferments’’ e.g., the amylo- 
lytic ferments of malt,'could be extracted from cells or tissues or even be 
spontaneously secreted, as in the case of salivary amylase. These extracts 
or juices exhibited a typically fermentative power. Hence, it was assumed 
at that time, that two types of ferments were in existence: 

1. Unorganized ferments which were secreted by cells or which could 
be extracted in active form from cells or tissues. 

2. Organized ferments, which were thought to be intrinsically connected 
with certain structures of the cells in such a manner that a liberation 
of the enzyme in active form from the structure was impossible. 

Zymase, the “ferment” of alcoholic fermentation, was believed to be a 
typical organized ferment. Existing somewhere in the yeast cell, the 
“ferment,” was supposed to be the immediate cause of fermentation, 
capable of acting as such only in the living cell. These ideas probably were 
remnants of the earlier, more general belief that living organisms and sub¬ 
stances occurring therein differed in a characteristic but chemically not 
definable way from “dead” matter, in short the belief in the “vital force.” 

It was, therefore, the beginning of a new era when, in 1897, Edward 
Buchner ground yeast cells with quartz powder, squeezed the ground mass 
in a hydraulic press and obtained a cell-free juice that exhibited a typical 
alcoholic fermentation, i.e., the disintegration of sugar to alcohol and carbon 
dioxide according to the Gay-Lussac equation. Buchner’s experiments 
showed that an “organized ferment” could be liberated in active form from 
its site in or on the structure typical for the living cell and could display its 
specific action in a homogeneous solution. This conclusion was not immedi¬ 
ately accepted by the scientific world; the Buchner yeast-juice was sup¬ 
posed to be “expressed protoplasm” and soon. As late as 1927 Kostytschew** 
tried to explain away the results of Buchner and his innumerable followers. 

The experiments of Buchner and other investigations along the same 
lines paved the way for the general belief that all reactions in living matter 
are catalyzed by ferments or enzymes which by themselves, without connec¬ 
tion with the living cell or any structures thereof, are sufficient for catalytic 
activity. From a purely enzymological point of view it is immaterial whether 
an enzyme can be brought into solution or not. Nothing prevents us from 
assuming that an enzyme, although active in itself, can be insoluble in 
water or firmly bound to water-insoluble cell constituents. In this last case 
it may be possible to liberate the enzyme from the insoluble “carrier” by 
means of a second enzyme, generally a protease. For instance, the saccharase 
of baker’s yeast in most cases is bound firmly to insoluble substances. 
Simple plasmolysis of the cells does not bring the enzyme into solution, but 
upon treatment of the cell remnants with proteolytic enzymes (papain) 
the saccharase goes into solution. 

S. Kostytschew, G. Medwedew, and H, Kardo-Sysojewa, Z. physiol. Chem. 168, 
244 (1627). 
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As the result of Buchner’s experiment there is, from an enzymological 
point of view, no difference between organized and unorganized ferments. 
The terms “ferment” and “enzyme” have an identical significance. But as is 
evident from the foregoing, the enzymes in cells must not necessarily be 
thought of as simply dissolved in a homogeneous protoplasm; they can be 
and often are associated with definite structures of the cells, as for instance 
with the mitochondria. The questions concerning the cytological foundation 
of enzymes are of fundamental importance for biology. 

2. Dependence of Enzyme Activity on pH 

In 1909 Sprensen pointed out that the activity of enzymes depends in 
quite an orderly way on the hydrogen ion concentration (or more correctly 
the hydronium ion activity) of the medium. Many contradictory statements 
about the action of acids or alkali on the activity of enzymes have found a 
simple explanation in S0rensen’s statement, that the determining factor is 
not the titratable amount of acid or alkali but is the hydrogen ion concen¬ 
tration, conveniently expressed as the pH of the medium. 

The activity of any given enzyme depends in a characteristic way on the 
pH. There exists a more or less narrow region of maximum activity (pH 
optimum), while on both sides of this region the activity gradually falls off 
to zero. If the enzyme activity in arbitrary units is plotted against the pH, 
a more or less bell-shaped curve is obtained, the so-called activity-pH- 
curve. 

Sdrensen’s discovery in fact lays the foundation of modem experimental 
enzyme chemistry, and the observance of the pH of the media employed 
and determination of the pH is now one of the first duties of every worker in 
the field of enzyme chemistry. 

It is not the aim of this book to be a laboratory manual; therefore no 
detailed information on the methods of pH determination and the instru¬ 
ments used will be given here. The reader is referred to S0renscn’s papers, 
and to textbooks by Michaelis, Clark, Kolthoff, Dole, The Glasa Electrode^ 
and Bamann-Myrback, 

Buffer solutions are extensively used in enzyme work. As to the composi¬ 
tion and preparation of suitable buffer solutions the reader is referred to 
the sources mentioned. Some general remarks do not seem out of place 
here: 

In addition to the unspecific action of the pH on enzyme activity buffers 
may exert specific actions on enzymes or in some cases on substrates. An 
activity-pH curve of a certain enzyme found when using one type of buffer 
cannot be said without anything further to be the true pH curve of the 
enzyme; it may be influenced by some specific action of the buffer sub¬ 
stances. In many cases the experiment must be repeated with different types 
of buffers. 
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Evidently there are many cases where the ordinary substrates may have 
considerable buffer capacity. There are also cases where common buffer 
substances act as substrates, as for instance with the phosphorylases. In 
such cases it may be difficult to distinguish between the influence of the 
pH and that of the substrate, especially as the inorganic reaction partner 
may be an ion, the concentration of which varies with the pH. 

It is perhaps unnecessary to point out that many buffer substances may 
interfere with the methods used for determination of enzyme activity, for 
example when the enzymic action is determined by means of acidimetric 
titration. Buffers and indicators have to be chosen with care in such 
instances. Buffers may interfere with nonenz 3 rmic substances present for 
some reason in the reaction mixtures as with inhibitors or activators of 
enzymes. The statement that an enzyme is not inhibited by heavy metals 
has of course no meaning if the experiments have been performed in phos¬ 
phate or borate mixtures. 

3. Enzymes as Electrolytes 

In 1911 Michaelis pointed out that the activity pH-curv^es of many 
enzymes are rather similar to dissociation curves of weak electrolytes and 
especially similar to the curv’es which show the variation of the concentra¬ 
tion of the undissociated form of an ampholyte with the pH. Michaelis as¬ 
sumed tentatively (in the case of saccharase) that the fact underlying the 
activity-pH-curve is that the enzyme is an ampholyte and that only the 
undissociated, isoelectric form is active. 

The idea of the connection of the activity-pH curves and the electro¬ 
chemical properties of the enzyme has proven most fruitful, even if it must 
be conceded that the nature of this connection is tolerably clear only in a 
few cases. Since we know at the present time, that enzymes are proteins, 
i.e., ampholytes changing their state of electrical charge in the pH regions 
in question, it seems rather obvious by now that the activity must depend 
on the electrical charge, or on the state of dissociation of the enzyme. 

If a substrate is an electrolyte changing its charge in the pH-range of 
enzyme activity, it is evidently possible and probable that the dissociation 
of the substrate is a contributory cause of the pH curve. Northrop has 
pointed out, for instance, that the pH curves of several proteolytic en¬ 
zymes, which vary considerably with different substrates, are very similar 
to the dissociation curves of these substrates. 

4. The Enzyme-Substrate Compound and the pH Curve 

After several more or less fantastic attempts had been made to explain 
the action of an enzyme on its substrate, the thought was clearly expressed 
by Michaelis and Menten that enzymic action is due to the formation of 
an intermediate compound between enzyme and substrate, which com* 
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pound, on account of the specific constitution of the enzyme and its mode 
of attachment to the substrate, is imstable in a manner that enables the 
‘‘enzymic” reaction to take place. In the case of the hydrolases it may be 
assumed that in the- enzyme-substrate compound the linkage in the sub¬ 
strate to be hydrolyzed is so weakened by attachment of the enzyme mole¬ 
cule to the substrate that it is hydrolyzed at a much lower hydrogen ion 
concentration than in the absence of the enzyme. 

The conception of the enzyme-substrate compound has turned out to be 
extremely valuable in spite of its being purely hypothetical until recently. 
Recently however, it has been possible to establish directly the formation 
of intermediate compounds between certain enzymes and their substrates. 



Fig. 1. Dependence of yeast saccharase activity upon the substrate concentration 
(Si. (R. Kuhn, Z. physiol. Chem. 125,28 (1923)). The curve corresponds to the Michaelis 
constant Km *■ 0.020. 

Chance has observed that catalase and peroxidase form compounds with 
hydrogen peroxide which have distinctive absorption spectra. 

It should be mentioned that even recently the necessity of an inter¬ 
mediate enzyme-substrate compound for the enzymic action has been ques¬ 
tioned. Rothen, on the basis of exp>eriments on the action of proteases on 
certain protein films, was inclined to assume an action of the enzymes by 
long range forces. However, certain assumptions concerning the nature of 
the films used appear to be unjustified, and today no evidence is avail¬ 
able which should make the assumption of enzyme-substrate compounds 
superfluous. 

If the activity of an enzyme is determined at varying substrate concen¬ 
trations [S] and the activity is plotted against log [S], in most cases an 
S-shaped curve is obtained similar to the normal dissociation curve. This 
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led Mlchaelis and Menten to assume, that an enzyme, the total concentra¬ 
tion of which we shall call [S], forms with the substrate an intermediate 
compound, the concentration [ES] of which is determined according to 
the mass law by the equation: 

([2] - [ESI)-([SI - [ESI) 


[ES] 




(I) 


Since [S] and [ES] are very small compared to [S], the equation simpli¬ 
fies to: 

an - [Esi)-[s] 


[ESI 




The constant Km is usually called the Michaelis constant. The numerical 
value of Km is easily found from curves of the type illustrated in Fig. 1. 

At half the maximum activity, i.e. when |ES] = ^ we have: K„ — [S], 

e.g., we find from Fig. 1 that Km — = 0.020. The “relative activity” 

of the enzyme is given by the equation: 

„ , . . . (ESI [Si 

Relative acuvuy = “ |s) + A-„ 


As mentioned above Michaelis had tried to explain the activity-pH curve 
of the enzyme saccharase as the dissociation (*urve of an ampholyte; the 
alkaline branch of the curve was supposed to be caused by the dissociation 
of the enzyme as a weak acid HE 


liri-dsi 

IHEI 


(ID 


or, since HE was thought to be the active form, 

.. IHK] lH-1 
Relative activity 

This theory was modified later on by Michaelis and Rothstein. Thej' as¬ 
sumed that enzyme and substrate (sucrose) combine to give a compound 
which is a weak acid. Only the undissociated molecules [HES] were sup¬ 
posed to disintegrate. 

Kuhn pointed out that if both equation (I) and (II) (or the modified 
equation proposed by Michaelis and Rothstein) are valid, then the alkaline 
branch of the pH curve must be dependent on the substrate concentration 
(Sj. Experiments by Kuhn and others have 8ho\vn beyond doubt that this 
IS not the case. On account of these facts Kuhn and Willstatter were 
inclined to reject the theories of Michaelis. The existence of the enzyme- 
substrate compound was admitted; the pH-curve was supposed to be 
caused by a variation of the velocity of disintegratiem with the pH. 
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However, the discrepancies between the experiments and the theories 
of Michaelis do not concern the fundamental thoughts of these theories. 
If it is assumed that the enz}rme is a weak acid ^HE’ there is in fact no 
reason why the attachment of a sucrose molecule should alter the Kq- 
value of this acid. In other words, it is not probable that in the combination 
of substrate and enzyme molecules the dissociating acid groups of the 
enzyme should be mediatory, as implicitly supposed by Kuhn. If it be 
assumed that the acid group of the enzyme has nothing to do with the bind¬ 
ing of the substrate and, therefore, that enzyme and enzyme-substrate 
compound both are weak acids with the same Ka-value, then a simple 
calculation shows that the alkaline branch of the pH curve must be inde¬ 
pendent of [S], and this is, as already mentioned, in accordance with the 
experiments. 

If the acid branch of the pH curve of saccharase is investigated in the 
same way, it is found to vary with the substrate concentration. With in¬ 
creasing fS] the curve is displaced parallel to itself towards the acid side 
(Fig. 2). This implies that the dissociating basic groups of the enzyme 
molecule, which, according to Michaelis, are responsible for this part of 
the pH-curve, are also involved in the formation of the enzyme-substrate 
compound. Several reasons favor the assumption that this group is a pri¬ 
mary amino group. If it be assumed, (a) that the enzyme is an ampholyte 
H-E-NH 2 with the dissociation constants Ka and Khy (b) that the attach¬ 
ment of the substrate molecule requires a free amino group without positive 
charge, and (c) that only the undissociated enzyme-substrate compound 
H-E-NHrS (and not for instance the ion “E»NHfS) is disintegrating, 
then we find 

aH«E»NH,l-H-E»NH,l)dSI _ 

[H-E-NHrSI -h (-E-NHrSl " * 

([H»E»NH,^I [-E-NH,-^l)dOHi 

HENH,l-|-l-ENH,) " * 


a-E»NHr 8) -f [-E- NH,1 -f [~E- NH,^1) »1H^1 
[H E NHrSl -f- [H E NH,] -f [H E NH.^J 


Z - IH-E-NH,-SJ + l-E-NHrS) + IH-E-NH,1 

-h l-E-NH,l -h IH-E.NH,^1 l-E-NH/1 


or 


Relative aotivity 


1H*E*NH,>81 

Z 


V iB*]j r ^ 181 V 



TIus formula is in good agreement with the experimental data. 

Now it is quite clear that this is not the only possible way to look at the 
problem of the enqrmeHBubstrate compound. In the above treatment, it 
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has, for instance, been tacitly assumed that the rate of formation of the 
enzyme-substrate componnd is very high compared to that of the decom¬ 
position of the substrate. However, if the velocity kt of the combination 
of enzyme and substrate is not very great compared to the constant kg 
of the decomposition, this will, as shown in detail by Van Slyke,“ influence 
the course of the enzymic action. The overall velocity will be 

di ” _1_ l_ 
fc(Sl ki 



Fio. 2. Activity-pH-curves of yetkst saccbarase at different substrate concentra¬ 
tions (K. Myrb&ck, Z. physiol. Chem. 168. 160 (1926)). Curve I:lSl - 0.220, Curve II: 
IS] " 0.0722, Curve III: iSl — 0.0361. The curves are calculated from the Am-value 
0.040, which was determined experimentally with the same enzyme preparation. The 
circles mark the values of the relative activity found in the experiments at different 
pH’s and different substrate concentrations. 

Obviously the value of [Si corresponding to half the maximum velocity 
(the Michaelis constant, formula (I) will be 

(SI - ks/kc 

Van Slyke points out that variations in K, “such as may be caused by pH 
changes, will cause corresponding variations in the Michaelis constant.” 
Van Slyke mentions that, in the case of urease a drop of one unit in pH will 
increase the value of the Michaelis constant eleven fold. However, in ar¬ 
riving at this concluaon. Van Slyke implicitly assumes that the number 
of substrate-binding groups of the enzsrme remmns constant independent 
of the pH. This seems improbable, since urease, being a protein, is an 
•mpholjrte which must be supposed to change its state of electrical charge 

D. D. Van Slyke, AtfooncM in Bruymol. S, 88 (190). 
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in the pH-range in question. Actually the modified Michalis-Menten 
theory as described above can very well explain the activity-pH curve of 
the urease at different substrate concentrations. The value of the Michaelis 
constant remains independent of the pH if it be assumed as in the case of 
saccharase that the positively charged ions of the enzyme do not bind sub¬ 
strate. When calculated in this way the Michaelis constant may be said 
to be a value characteristic of a certain enzyme.'^ 

It is well known that enzymes having the same action on a substrate 
but originating from different sources may be quite different proteins. Of 
course, it cannot be expected in such cases that the value of the Michaelis 
constant should be the same for the different enzymes. Likewise it cannot 
be expected that the value of the Michaelis constant for one enzyme should 
be independent of the degree of purity of the enzyme preparation. If, for 
instance, a crude enzyme solution contains an enzyme inhibitor with com¬ 
petitive action, this will influence the value of Km- If the substrate con¬ 
centration corresponding to half the maximum activity is called [S,] then 
Km = [S*] if no inhibitor is present, but if the inhibitor has the concentra¬ 
tion [X] and the dissociation constant of the enzyme-ii hibitor complex 
isif,, then 


Km 


IS,) 


K, 

(X] -h X, 


The pH optimum and the pH curve are, to a certain degree, character¬ 
istic of an enzyme. However, it should not be forgotten that the presence 
of inhibiting substances may distort the true pH curves. If the curve is 
regarded as the dissociation curve of an ampholyte it can be foreseen that 
the presence of any substance, such as a metal ion, combining with the 
acid group of the enzyme will cause a displacement of the alkaline branch 
of the pH curve towards the acid region. Conversely the presence of in¬ 
hibiting substances combining with the basic group of the enzyme will 
cause a displacement of the acid branch of the pH curve towards the al¬ 
kaline side. 

It should also be mentioned that, although the stability maxima of most 
enz 3 anes are, roughly speaking, the same as the activity optima, there are 
several cases known where the stability of the enzyme is so low even at 
pH's near to the pH optimum of activity, that the experimental determina¬ 
tion of the activity-pH curve is rather difficult and sometimes yields a 
distorted curve. 


5. Synthesis by Enzymes 

In 1898 Croft-Hill attempted to synthesize maltose, allowing yeast ex- 
traot (a-glycosidase) to act on 40% glucose solution. An enzyme synthesis 

K. Myrbftck, Acta. Cham. Scand. U 142 (1947). 
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was observed to occur, since the reducing value decreased and the optical 
rotation changed. Maltose was one of the products formed by the syn¬ 
thetic action of the yeast enzyme, but was not the only product. This is 
easily understood, since the yeast a-glycosidase is not a specific maltase 
and other enzymes may have been present also. 

In 1900 Kastle and Loevenhart^* found that the hydrolysis of fats and 
other esters by lipases is a reversible reaction and that enzymic S 3 mthe 8 is 
can occur in a dilute mixture of alcohol and acid. The problem of ester 
synthesis was treated theoretically by Bodenstein and Dietz in 1906-07. 
The interpretation of experiments with lipases is difficult because of the 
inevitable pH changes during the reactions. Dietz'^ was able to show that 
the same equilibrium was reached from both sides and that the equilibrium 
constant was K = ki/k 2 t where ki and k 2 are the velocity constants of 
hydrolysis and S 3 mthesis. However, K did not have the same value as in 
experiments without any enzyme. 

Since an ideal catalyst only alters the rate of the reaction, we should 
expect to find the same equilibrium in the presence of the catalyst as in its 
absence. This is very often found to be the case. However, the conclusion 
is correct only when the catalyst does not to any appreciable degree enter 
into combination with the reacting substances. Therefore, as pointed out 
by Euler and Josephson‘* ‘* when calculating the equilibria of enzyme 
reactions, we have to introduce the affinity (or dissociation) constants of 
the various enzyme-substrate compounds. In the case of the enzymic hy¬ 
drolysis and synthesis of a glycoside, we have: 

[Glycoside-enzyme] -f [Water] [Sugar-enzyme] -f [Alcohol] 

supposing that the enzyme has no affinity to the alcohol. The concentra¬ 
tions of the glycoside-enzyme and the sugar-enzyme compounds are deter¬ 
mined by the equations 

[GI ycoside] * [Enzyme] ^ [Sugar] ^Enzyme] ^ 

[Glycoside-enzyme] ' [Sugar-enzyme] * 

where Ki and Kt are the Michaelis and Menten dissociation constants. 
The velocity of the enzymic hydrolysis is 

— Ati* [Glycoside-enzyme]‘[Water] 

and the velocity of the synthesis 

vt "> /^‘[Sugar-enzyme]‘[Alcohol] 

J. H. Kastle and A. S. Loevenhart, J. Am. Chem. Soc, S4, 491 (1900). 

” W. Dietz, Z. physiol. Chem. 62, 279 (1907). 

H. von Euler and K. Josephson, Z. physioL Chem. 136,30 (1924). 

H. von Euler and K. Josephson, Arkiv Kemi Mineral. OeoL No* 7 (1924). 
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Then we have: 

— a V, — ii| ai ti'lGlycoaide-eniyniel'lWtttorl — A:j-lSugHr enzyniel-|AIoohol) 

dt 

and the equilibrium constant will be 

X • [ Sugar! - (Alcohol! 

^ " K, lGlycoaidel [WaterI 

This formula shows that K will have the same value as in the uncata* 
lysed reaction only if /Ci =» Kt- 

The decomposition of hydrogen peroxide by catalase, the hydrolysis of 
urea by urease, of sucrose by saccharase, of starch by amylases and of 
arginine by arginase are examples of reactions that show no reversibility. 
Here the position of the equilibrium is thermodynamically unfavorable 
for synthesis. 

Synthetic reactions catalyzed by enasymes can be divided into three types: 

I. The synthetic reaction goes to completion or practically to comple¬ 
tion. An example is the formation of dextran from sucrose by the 
enzyme dextran sucrase. The energy' necessary' for formation of the 
glycosidic bonds in the de.xtran is derived from the simultaneous 
splitting of the glycosidic bonds of the disaccharide; the synthesis 
can in a way be described as a transfer reaction. 

n. A reaction proceeds to a point of equilibrium at which considerable 
proportions of both substrate and products are present. Examples 
are the ester syntheses, as described above, or the formation of 
amylose from the Cori ester by phosphorylase. In this case the 
energy of the 83 rnthesis is derived from the “energy-rich phosphate 
bond” in the Cori ester. Fundamentally there is of course no differ¬ 
ence between the types I and II. 

III. The reaction does not take place unless the necessary energy is pro¬ 
vided by coupling with another enzymic process. Reactions of this 
type are in themselves endergonic and require a supply of energy, 
which is furnished immediately by the breakdown of energy-rich 
substances, e.g., adenosinetriphosphate and remotely by the oxida¬ 
tion of some metabolite. 

Some of the substances that have been synthesized m vitro by reactions 
of type III are: 


Acetylcholine 
Hippuric acid 
Aminohippuric acid 
Glutamine 
Acetylsulfanilamide 
Olucoee-6-phosphate 
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Citric acid 

Glutathione 

iST-Benzoylomithine 

Vn. The Chemical Nature of Enzymes 

The chemical nature of enzymes can be said to have Ijeen quite unknown 
until 1920. It seems that earlier many scientists altogether despaired of 
the possibility of isolation of enzymes in pure form. The fact that a purer 
solution of an enzyme often is less stable than a less pure preparation seems 
to have led to the conviction in certain quarters that the instability would 
increase with increasing purity to such a degree that the isolation of a pure 
enzyme would t>e eo ipso impossible. 

Nevertheless work of fundamental importance on the purification of 
enzymes was performed during the first decades of this century. The in¬ 
vestigations of Willstatter, von Euler and many others resulted in exten¬ 
sive knowledge of many enzymic reactions, in methods for the determina¬ 
tion of enzymes and in enzyme prc^parations of considerable acti\ity. 
Nobody knew anything at this time about the actual degree of purity of the 
enzyme preparations; it sc'ems that many investigators were convinced 
that the percentage of enzyme even in the best preparations was very low. 
Nothing could be said with certainty about the chemical nature of the 
enzymes. 

The idea that the enzymes could be protein in nature had, it is true, 
been expressed by several .*^cientists, possibly from the general belief that 
proteins are nearer to the so-called life than other substances, but on the 
other hand, this theory had l)een decidedly denied by others. Willst&tter 
evidently found his results on the purification of certain enzymes to justify 
the statement that enzymes do not b(*long to any of the recognized groups 
of organic 8ut>stancea. As late as 1925 Oppenheimer spoke of enzymes as 
substance of unexplaincni chemical nature belonging to no known group of 
substances. 

However, in 1926, Sumner ciy^stallized urease from jackbean meal and 
showed it to l>e a protein. The statement that the isolated globulin crys¬ 
tals were the pure urease was not accepted without further trouble, a fact 
which may lye understofnl in the light of the prevailing opinions concerning 
enzymes and their chemical nature. It was assumed that the crystals were 
in themselves commonplace protein crystals which, for some reason, held 
the enzyme firmly absorbed. However, the claim of Sumner, after most 
rigorous examination from several points of view, has proved correct and 
as far as we can judge at the present time, the protein crystals obtained 
represent pure urease. 

Since 1926 many other enqrmes have been isolated in crystalline fontn* 
The outstanding work of Nm^irop and Kunits should be mentioned. In 
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every known case the pure enzyme has turned out to be a protein, either 
simple or conjugated. 

When an isolated enzyme has been shown to be a conjugated protein it 
has been possible in some instances to connect the chemical nature of the 
enzyme or, more correctly, the chemical nature of the prosthetic group, 
wth the enzyme activity. It seems, for instance, comprehensible that 
several oxidizing enzymes are chromoproteins with iron porphyrin pros¬ 
thetic groups. On the other hand, many enzymes, such as urease, pepsin 
Mid trypsin, have defied all attempts to establish the presence of a pros¬ 
thetic group. If we did not know that these substances possess a highly 
remarkable catalytic action, we should probably classify them along with 
other more or less ordinary proteins. One would have thought that the 
clearing up of the question of the chemical nature of enzymes would have 
automatically thrown light also on the mechanism of enzyme n'actions, but 
expectations in this direction have not been fulfilled. The reason is that too 
little is known about protein structure. 

When we state that many enzymes have proved to be simple proteins 
without a discernible prosthetic group, this evidently means that no com¬ 
ponent of another kind than the amino acids is present. Admittedly it is 
difficult to prove that a protein contains amino acids cxclusiv'ely, but as 
far as the amino acid analysis can be Ufc>ed in evidence, these enzymes 
contain only amino acids and in any case no dissociable' prosthetic groups, 
no metals and no light-absorbing groups other than the amino acids. It 
seems permissible to assume that these enzymes are in fact simple proteins. 
However, they must possess some sort of specific group for the combination 
with the 8ul>strate, but it does not seem necessary to asstime that these 
groups should be groups of a kind not present in ordinary amino acids. 
The current ideas concerning the formation of active compounds Ixjtween 
the hydrolases and their substrates suggest that it is not so much the chemi¬ 
cal nature of a substrate-binding group as the arrangement of a certain 
number of such groups with respect to each other on the surface of the 
enzyme molecule which determines the attachment of the substrate. 

The realization has come that the most important function of proteins 
is enzymic; there can he little doubt that all enzymes are proteins. We may 
even go so far as to assume that in many cells the plasma consists almost 
exclusively or perhaps exclusively of enzymes. This idea has lieen advo¬ 
cated by Virtanen. 

The converse statement, namely, that all proteins are enzymes, is prob¬ 
ably not correct. It is likely that such food proteins as casein and ovo¬ 
vitellin are elaborated to serve as sources of amino acids for the suckling 
mammal or for the incubating embryo. It is likely also that seed proteins 
such as glutelin, gliadin, and edestin serve as sources of amino acids that 
can be used in the synthesis of enzymes and other cell componente. 
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Vni. General Properties of Enzymes ^ 

There are several properties of enzymes which can be said to belong to 
the proteins as a group whether they are enzymes or not. 

1. Heat Inactivation 

It has already been mentioned that enzymes generally are destroyed 
upon heating their solutions to elevated temperatures. It has also been 
mentioned that this heat inactivation in many respects resembles the 
changes in protein structure produced both by heat and by certain agents 
and known as denaturation. Carefully dried preparations are often much 
more stable than solutions. Dry preparations of saccharase can be heated 
in l>oiling toluene without loss of activity, whereas aqueous solutions are 
rapidly inactivated at temperatures above 55®. 

A few enzymes are able to withstand high temperatures even in aqueous 
solution. Pure ribonucleiisc^ can Ix^ boiled for a short time and solutions of 
cr>'stalline trypsin in dilute hydrochloric acid withstand heating to at least 
90®. This is quite in accordance with the theory that heat-inactivation of 
enzymes is caused b}’ protein denaturation. It is interesting to note that 
a solution <if pure tr>q>.sin is quite without action on the substrates at 90®, 
hut that its activity is recovered when the solution is allow’ed to cool. 
This is an (‘xamplc of reversible protein denaturation. The process is ren- 
dereil irreversible (with trypsin as well as with other proteins) when a 
neutml milt is added to the hot solution, resulting in denaturation and 
flocculation. The denaturation that coincides with reversible loss of activity 
is probably <lue to an ‘imw inding” of the polypeptide chains of the trypsin 
molecule w’hereby the orderly pattern of the substrate-binding groups on 
the surface of the enzyme molecule is <li.sturbed. When the inactive tiw'psin 
solution is c<K)Ie<l, a rearrangement of the polypeptide chains into the 
original molecule must take place. 

InH(‘tivation of enzymes, probably of the same type as heat-inactivation 
mt\ l>e causcxl also by ^*igorous agitation of the solution, by applying high 
pressure, by radiation, and by many chemical reagents. The stability of 
an enzyme solution, as already mentioned, is a function of the pH, and 
every' enz>'me has its owm optimum pH of stability. The position of this 
optimum varies considembly from enzyme to enzj''me. Beyond the opti¬ 
mum enzymes are inactivated, and the inactivating action of hydrogen 
and hydroxyl ions may l>e thought to result in denaturation of the protein 
similar to that caused by high temperature. The inactivation is often irre¬ 
versible, but cas<m are know’n where the activity, after inactivation by acid 
or alkali, is slowly recovered when the pH of the soUiticMi is brought back 
to the normal value. 
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2. Antiobnic Action 

Inssnuch ss the ensymes are proteins it would appear that they should 
be able to act as antigens when injected parenterally inU) animals to whom 
they are foreign. This has indeed been shuwTi U> be true. The study of ^e 
antigenic action of enaymes, the antibodies formed, and the interaction 
between antigen (enayme) and antibody (inhibitor) i.s of great interest not 
only for enayme chemistry but for immunolog^^ in general, since the cata- 
l 3 rtic activity of the antigen offers certain possibilities of investigation 
which are not found with ordinary proteins. 

3. SOLUBIUTY 

Most enaymes are readily soluble in water, and others (globulins) are 
soluble in dilute neutral salt or buffer solutions. The solubilities of enzymes 
vary greatly: for example, beef liver catalase at its isoelectric point is almost 
insoluble in distilled water, while horse liver catalase is fairly soluble. 
The solubility of an enayme like that of any protein will var\' with the pH 
of the solution, being least at the isoelectric point. 

Scmie enaymes are quite insoluble in water, but this is possibly because 
they are bound to insoluble cell constituents. In any case the solubility in 
water is not a prerequisite of enzymic activity. Enzymes may Ije active 
even when fixed on the surface of an adsorbent. Yeast saccharase, for 
instance, is active when adsorbed on aluminum hydroxide. 

EXetermination of solubility has proved to l>e most valuable for deter¬ 
mination of the homogeneity of crystalline enzyme preparations. The crys¬ 
talline state by itself is not a proof of purity and homogeneity. Different 
proteins may crystallize together, form solid solutions, etc. 

4. Essential Groups in Enzymes 

Since certain enzymes contain well defined prosthetic groups it seems 
reasonable to assume that the prosthetic groups are the mediators of the 
enzymic action. However, in most cases the action of the prosthetic group 
by itself is small or nil and the high activity of the enzyme is due to the 
combination of the prosthetic group with the protein, the **apoenzyme.*' 
As already mentioned, there arc many enzymes which appear to be devoid 
of any special prosthetic or other groups which specifically label them as 
enzymes. 

Evidently there are, at least in certain enzymes, parts of the protein 
moiety which are not, or at least not absolutely essential to the enzyme 
action. In the case of crystalline chymotrypsin, for instance, it is possible 
to remove considerable parts of the protein molecule without impairing 
the enzymic activity. It is also poesible to acatylate all the free amino 
groups (lysine residues) of crystalline pepsin without loss of enzyme ac¬ 
tivity; the amino groups in this case are nonesKntial to the activity. 
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On the other hand there are in the enajrme mdecules groups that cannot 
be removed or changed without loss ctf the activity; these groups are the 
essential groups of the enzyme. Some of them are essential because they 
are involved in the binding of the substrate mdecule, others seemingly 
have nothing to do with the formation of the enzyme-substrate compound 
but are essential to the decomposition of this compound. The essential 
groups in some cases may be demonstrated by ordinary chemical methods, 
in other cases by studies of the inactivation or inhibition of the enzymes 
by specific reagents. 

Sulfhydryl groups have been shown to be essential for the action of many 
enzymes. Inactivation by oxidants and reactivation by reductants such as 
cysteine, reduced glutathione, etc. may in many cases be due to oxidation 
of sulfhydryl or reduction of disulfides. The activity of sulfhydryl enzymes 
must be dependent on the redox potential of the medium and the thought 
has been expressed that this may represent a regulatory mechanism for 
several enzyme actions. 

Numerous chemical reagents bring about destruction or inactivation of 
enzymes by interaction with essential groups in the enzyme molecules. 
If primary amino groups are essential for the action of a certain enzyme, 
then nitrous acid under suitable circumstances may bring about a destruc¬ 
tion of the activity. Inactivation may be reversible, for instance when ions 
of heavy metals are bound by groups in the enzyme molecule. Treatment 
with hydrogen sulfide removes the metal and the enzyme activity is re¬ 
covered provided that the uptake of the metal has not caused further 
changes in the enzyme molecule. 

It should perhaps be pointed out here that the sensitiveness of highly 
purified enzyme preparations to certain poisons, especiaUy hea\^ metals 
must be remembered in practical work. Minute quantities of copper and 
certain other metals in water, buffer substances etc. may cause severe 
poisoning. 


6. Coenzymes 

Bertrand discovered that certain enzymes require dialyzable substances 
for their activity and called such substances "coenaymes.” The term co- 
enayme is not used in those cases where inorganic salts, metal ions, etc. 
are essential to the action of an enzyme. 

In 1906 Harden and Young demonstrated that “zymase,” the “enzyme of 
alcoholic fsrmoitation,” then thought to be a single enzyme, could be 
separated by dialysis into two components that were both inactive when 
alone, but which became active aa mixing. The nondialyzable, high- 
molecular, thennolabile component was thought to be the enzyme proper 
(later on called the apoengyme) while the dialyzable, relatively heat-stable 
^^‘’■Bponent wee called the ooenayme of alcr^olic fermentatimi, or later on 
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cozymase or coenzyme 1. It is quite possible that coenzymes as a group 
can be defined as easily dissociating prostheting groups of enzymes. In the 
case of the coenzymes I and II they can be even classified as specific sub¬ 
strates of the apoenzymes, since they are hydrogenated by the apoenzsunes 
in the presence of suitable hydrogen donors. 

There are several cases known where a vitamin or a simple derivative 
of a vitamin acts as a coenzyme or a prosthetic group of an enzyme, and 
perhaps this is the essential action of all vitamins. For examples, the dialyz- 
able and relatively heat-stable coenzyme of yeast carboxylase, cocarboxyl¬ 
ase, has been shown to be the pyrophosphoric ester of thiamine. 

6. The Activation of Enzymes 

Certain enzymes exist naturally in the inactive or zymogen state and 
can be activated by change of pH or by the action of other enzymes upon 
them. Thus, pepsinogen is converted to pepsin by a pH more acid than 6.2. 
Prorennin is also activated by an acid pH. Trypsinogen is converted to 
trypsin by kinases or by trypsin itself. Chymotrypsinogen is converted to 
chymotrj'psin by the action of trypsin but not by chymotrypsin itself. 
Procarboxypeptidase is converted to carboxypeptidase by trypsin. Pro¬ 
tyrosinase of grasshoppers is converted to tyrosinase by the action of sodium 
lauryl sulfonate. 

Some enzymes, such as arginase, glutaminase, hexokinase, phospho- 
glucomutase, phosphatases, and certain peptidases are activated by di¬ 
valent metallic ions, such as Mn, Co, or Mg. Such enz 3 rmes probably can 
be regarded as metalloproteins. It is supposed that the combination of 
these enzymes and their substrates occurs partly through metallic ions. 

Other enzymes, such as the animal amylases, are activated by certain 
anions, especially by the chloride ion. Little is known about the mechanism 
of this action; in any case, the action of neutral salts has nothing to do 
with their action on the solubility of globulins. It has been proposed that 
the activation should be considered a reactivation of inactivated enzyme. 
However, in the case of the animal amylases, this explanation is probably 
not correct, but it is only too true that in many instances the so-called 
activator has turned out, upon more careful investigation, to be merely a 
substance which protects the enzyme in question from inactivating agents. 

IX. The Determination of Enzyme Activity 

In a few cases it is possible at the present time to determine enzymes 
directly by chemical or physical methods, as for instance when an enzyme 
has a characteristic absorption spectrum. Determinations of this kind may 
be possible even if the enzyme has not been obtained in the pure state. 
Such methods are described in the special chapters of this book. However, 
in many cases the chemical nature of the eni^yme is unknown, or its direct 
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determination is impossible from a practical point of view. Hence, in most 
instances it is preferable tb determine the concentration of an enzyme by 
its activity. The rate at which it transforms the substrate is measured and 
this rate is expressed in arbitrary units. The number of units per gram of 
the ensynre is a measure of the purity of the preparation. This is possible 
(mly if the measured activity cekrU parSms, is proportional to the amount 
of enzyme preparation used in the experiments. Such proportionality is 
not always found, but it can be said with certainty that for every enzyme, 
conditions can be found where, at least within definite limits, such a pro¬ 
portionality prevails. If an experiment is performed in order to determine 
the amount of enzyme in a preparation it evidently is necessaiy to keep 
within these limits. 

Methods for the quantitative determination of various enzymes will be 
described briefly in the special chapters of this book. For a detailed de¬ 
scription the reader is referred to Bamann-Myrbfick, Die Methoden der 
FermeiUfortchung. It may sufiSce to mention briefly here a few conditions 
that have to be observed in the quantitative determination of an enzyme. 

The velocity of an enzymic reaction, like that of all other reactions, 
varies with temperature. Therefore the temperature should be kept con¬ 
stant, and there are many more or less simple devices for the purpose. 
Since most enzymes are irreversibly or in a few cases reversibly inacti¬ 
vated by hi|^ temperatures, the temperature chosen for enzjrme deter¬ 
mination should be so low that there is no danger of heat-inactivation. 

The pH of the medium should be controlled carefully. The enzymologist 
should have no siq)etstitious belief in the buffer capacity of the buffer 
solutions commonly used in ensyme work. Enzyme preparations, sub¬ 
strates (often present in high concentrations) and other substances may 
change the pH of the buffer seriously. Many erroneous experimental re¬ 
sults, sometimes taken as the foundation of far-reaching hypotheses, have 
been caused mmpiy by uncontrolled changes of the pH of the mixture 
used for the determination. When controlling the pH of a solution the 
experimenter should not rely on the value on a scale to which the needle 
points but check his pH apparatus by testing solutions with known pH. 

The stability of an enzyme, as mentioned above, is dependent on the 
pH. There is a region of maximum stability which may or noay not coin¬ 
cide with the regicm of maximum activity. Even at low temperatures the 
enzyme may be irreversibly damaged if the pH is far enough from the 
optimum value. 

If the aim is a quantitative determination of an enzyme the substrate 
concentration should be kept constant in all experiments. The reaction 
vate generally increases with the substrate concentration but may decrease 
again at very high concentratimis. There are even cases where an enayme 
may be irreversibly inactivated by its own substrate (catalase). 
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If the activity of an enzyme is dependent on a coenz 3 ane, or upon metal¬ 
lic ions, it evidently is also necessary to control the activator concentra¬ 
tion. In the quantitative determination of an enzyme of this kind it may 
be advantageous to work with a large excess of activator. 

The activation of an enzyme, as for instance the activation of arginase 
by manganese ions, may be a slow reaction. If this is the case, the enzyme 
must be treated with the activator for a sufficient time before the substrate 
is added. 

The rate of the enzymic reaction is measured either by determination 
of the decrease in the substrate concentration or by the increase in the 
amount of some reaction product. However the experimentator is warned 
against the method, unfortunately in common practice, in which a certain 
reaction time is selected and the degree of transformation at this time is 
supposed to be the correct value of the reaction rate or the amount of 
enzyme, respectively. The procedure is correct only when the transforma¬ 
tion up to the selected time of assay is proportional to the time. Thus, in 
every investigation of this kind the limits should be ascertained within 
which this proportionality prevails. In this range the reaction velocity 
may be expressed simply and correctly as the substrate transformation 
per unit of time. 

There are a few cases known in which the degree of substrate conversion 
is proportional to the time until nearly all substrate is used up (zero de¬ 
gree reaction). However, generally*the prc^ortionality holds only for rela¬ 
tively low percentages of conversion. In other words, when plotting per 
cent conversion against time, we do not obtain straight lines but curves 
which approach asymptotically the limit of 100% conversion. Generally 
there is no reason why these curves should represent monomolecular re¬ 
actions. However, many instances are known in which the reaction curve 
approximately coincides with a monomolecular curve. In such cases a 
monomolecular reaction constant may be calculated and used as an ex¬ 
pression for the reaction velocity or the amount of eazyme. 

The monomolecular formula, as is well known, is derived from the as¬ 
sumption that the reaction velocity, i.e., the amount of material changed 
per unit of time, is always proportional to the concentrations of unchanged 
material (substrate). If the initial substrate concentration was a and if z 
is the amount of substrate changed at the time ^ then 


or 


dt 


k(a - ») 


k - 



a 


a — « 


Now in the case of an enzymic reaction there is certainly not always a 
proportionality between the velocity and the substrate concentration. 
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What can be assumed is that the velocity is proportional to the concen¬ 
tration of the enzyme-sifbstrate compound. Since the substrate concen¬ 
tration practically always is very high compared to the enzyme concentra¬ 
tion, the velocity will be proportional to the enzsrme concentration but 
not always to the substrate concentration. If the initial substrate concen¬ 
tration is very high we should expect practically all of the enz 3 rme to be 
combined with the substrate and to remain so for a considerable part of 
the reaction. In other words we should expect to find a reaction of zero 
degree order. On the other hand, if the initial substrate concentration is 
low ([S] < Km) we should expect to find a first order reaction. However, 
here we have assumed that the enzyme has an affinity only to the sub¬ 
strate, but it is well known that many enzymes combine also with certain 
reaction products. Therefore, when the reaction proceeds, more and more 
of the enzyme will be boimd by reaction products; the amount of enzyme- 
substrate compound and the reaction velocity will decrease; hence it will 
be something of a coincidence if a monomolecular reaction is found. 

Michaelis has derived a formula for the saccharase-saccharose reaction 
assuming that the enzyme has an afiBnity not only to saccharose (S) but 
also to glucose (G) and fructose (F). The corresponding equilibriiun con¬ 
stants we shall call Km, K,, and K/. We find 

(81 • ([2] - (ESI - [EGl - lEFl) - Km • lES] 

(Gl • ((2) - (ESI - (EGI - (EFl) - K, • (EG] 

IF) . ((2) - (ESI - (EGl - (EFl) - K, ■ (EFl 


Since [G] is always = [F] we find 



If the initial amount of saccharose in an experiment is a and if at the 
time t the amounts of ^ucose and fructose are x, then we obtain: 



By integration we find the velocity constant to be: 




The function is a superposition of a logarithmic curve and a straight line. 

It should (padded that the course of the saccharose hydrolysis by 
Baocharase yi^e^^ more complicated than this, because the affinity of the 
enqrme is not the same to the a- and j3- forms of the reducing sugars. 
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There are three broad methods of approaching problems in physical 
chemistry. The thermod 3 aiamic method has the advantage of generality 
and the drawback of being blind to mechanism. The statistical method 
aims at mathematical rigor and is therefore limited to systems of simple 
molecules under artificial conditions. The kinetic method employs time as 
a weapon, and is par excellence the method to use in the physical chemistry 
of enzymes, where we are primarily interested in the study of molecules in 
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action. It is therefore fitting that the physical chemistry and the chemical 
kinetics of enzymes should be treated together. 

An examination of the movement of enzyme molecules in solution, in an 
electrostatic field, and in a centrifugal field yields precise information on 
their dimensions, charge, and mass. The study of such topics reveals the 
indebtedness of general physical chemistry to early investigations on en¬ 
zymes. Much of what we know today on interionic attraction in solution, 
on adsorption, and catalysis had its origin in the study of enzymes. With 
Sumner’s isolation of crystalline urease in 1926 there opened a new period 
in the study of enzyme chemistry, marked by a heightened precision of ex¬ 
perimental work, to which the newer osmotic, centrifugal, and adsorption 
techniques have greatly contributed. 

The hydrolysis, digestion, or general breakdown of organic substances is 
kinetically easier to tackle than their union, or synthesis, and the present 
article is consequently limited to them. Organic synthesis by enzymes is 
still so far from being understood that a review of this aspect of the subject, 
notwithstanding its biological importance, may well be postponed at 
present. 


L Determination of Molecular Weights of Enzymes 

Enzyme chemistry, like inorganic chemistry, must be firmly based on 
accurate molecular weights. There has been no lack of ingenuity in devis¬ 
ing methods especially adapted for the determination of these constants in 
aqueous solutions; and it is with the more important of these methods that 
we are here concerned. 

1. Diffusion in a Concentration Gradient. The Exner- 

Euler Rule 

Ordinary diffusion is the natural process whereby equalization of molec¬ 
ular concentration is realized in a system which is initially of uneven con¬ 
centration. In such a system, more molecules enter one side of an element 
of volume than leave it on the other side, and the process continues until 
equilibrium is reached, when the numbers entering and leaving any ele¬ 
ment of volume in a given time are equal. At this stage, the concentra¬ 
tion throughout the system is uniform, and net diffusion ceases. It is im¬ 
portant, however, to realize that thermal diffusion persists. According to 
Pick’s first law, the number, dN^ of molecules, which, in time diy cross an 
area 0 is proportional to the product Od<, and to the concentration gradient 
(dn/dx). The proportionality factor is denoted by the symbol — D; and D 
is known as the coeflicient of diffusion. Pick’s first law therefore is: 
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In this equation, n is the concentration, in molecules per cm.* The coeffi¬ 
cient, Z>, of diffusion is seen to have the dimensions of cm.* sec. *, and to 
have a value which is independent of the units in which the concentration 
is expressed. It represents the number of molecules crossing unit area in 
unit time across a boundary where the concentration gradient is unity. 
Alternatively, if we imagine two neighboring cubes of volume 1 cm.* each, 
D is the probability per second that a single molecule in one of the cells 
shall pass into the other. 

It will be convenient to regard the problem from another angle. Quite 
generally, the number of particles crossing an area 0 in unit time is equal 
to the product of the area, 0, the concentration, n, and the average veloc¬ 
ity, w, of movement in a direction perpendicular to the plane which is being 
crossed: 

^ = Onu (2) 

dl 

On comparing these equations, we see that: 


Z) = - 


nu 

(dn/dx) 


(3) 


It will be appreciated that the crux of all diffusion problems is the 
representation of molecular concentration as a function of space and 
time. In their experimental elucidation, numerous physicochemical prop¬ 
erties of the solutions, such as density, refractive index, and absorption of 
light, have been employed, in addition to the ordinary methods of chem¬ 
ical analysis of samples removed at different times and from different 
positions of the diffusing system. 

Experiment shows that D in the case of nonelectrolytes decreases as the 
concentration increases. While no complete explanation of this phenomenon 
has been forthcoming, the fact must be noted, since it is with coefficients 
of diffusion extrapolated to infinite dilution alone that we shall deal. For a 
given solute, the coefficient of diffusion increases with the fluidity of the 
solvent, and with temperature. Some representative data' have been 
brought together in Table I. 

Exner made an empirical observation, since confirmed by von Euler* 
and many other workers, that the coefficient of diffusion of a solute is in¬ 
versely proportional to the square root of the molecular weight, M, as it is 
in the case of gaseous diffusion. In view of later developments, a propor¬ 
tionality between D and Af*'* can be more readily understood, but an in- 

> L. W. Oholm, Z. pkytik. CUm. 70 370 (1910); Landolt-BOrnstein. Phyiikalish- 
chemiscbe Tabellen. The datum for deuterium oxide is due to J. A. V Butler enH W 
J. C. Orr, J. Chem. Soc,, 1273 (1033). 

^***"*'® Bergmann, Munich, I (1930); 11(1) (1922); 
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spection of the data leaves no room for doubt that, whatever may be the 
final interpretation, the original law of Exner and von Euler is the correct 
one. After omitting some obviously high results, the average value of 
is found to be about 8.17 X 10“* at 291.1®. Hence: 

M = 6.66 X lO-VJ5»i.i (4) 

By meana of this equation, von Euler* measured the molecular weight of 
saccharase (Table II). With increasing purity, the molecular weight de¬ 
creases to a limiting value in the neighborhood of 19,000 g. Herzog® applied 
the same method to the determination of the molecular weights of other 

TABLE I 

Coefficients of Diffusion of Solutes in Aqueous Solution at 291.1® 


Solute 

M, g. 

D X lOL 
cm.* sec"* 

X 10* 

Z).W>'* X 10* 

H, 

2 

4.87 

6.14 

6.89 

DtO 

20 

2.07 

5.62 

9.26 

0, 

32 

1.98 

6.39 

11.20 

CH.OH 

32 

1.40 

4.45 

7.93 

NILOH 

35 

1.90 

6.22 

11.24 

CH.CN 

41 

1.38 

6.76 

8.83 

CO, 

44 

1.71 

6.04 

11.35 

N,0 

44 

1.61 

5.69 

10.60 

C,H*OH 

46 

1.27 

4.55 

8.64 

CHiCOOH 

60 

1.09 

4.27 

8.44 

CO(NH,), 

60 

1.12 

4.39 

8.67 

C,H.(OH)i 

92 

0.91 

4.11 

8.73 

CtH,OH 

94 

0.93 

4.23 

9.02 

m-CJIdOH), 

no 

0.87 

4.18 

9.17 

Arabinose 

150 

0.64 

3.42 

7.82 

Glucose 

180 

0.56 

3.16 

7.51 

Maltose 

342 

0.41 

2.87 

7.59 

Lactose 

342 

0.41 

2.87 

7.59 

Sucrose 

342 

0.42 

2.94 

7.78 

Raffinose 

504 

0.35 

2.76 

7.78 


enzymes, obtaining results of the same order of magnitude. His value for 
emulsin, for example, is 37,700 g. It seems likely, however, that equation 
(4) may sometimes lead to molecular weights which are less than the true 
values by a factor of from 2 to 3. 

2. Diffusion in a Concentr.ation Gradient. The Stokes- 

Einstein Law 

Before the linear motion of a particle in a viscous medium can be for- 
mulated, it is necessary to know the form of the forces which sustain and 

*R. D. Uersog» Z. BUkiroehmn, 1003 (1910). 
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impede its progress. An assumption usually made is that the force oppos* 
ing the motion is directly proportional to the velocity, u. If we denote by 
X the driving force, we thus have the following equation of motion: 

= ( 6 ) 

at 

Here C is a positive constant. When a steady state is reached, there is 
neither acceleration nor deceleration. The velocity is constant; hence: 

^ = 0 ( 6 ) 

Denoting by U the velocity of the particle in the steady state, we see that: 

U = X/C (7) 

a relation to which we shall frequently refer. If the velocity, w, of the 
particle initially were less than this limiting value, U, the medium would 


TABLE II 

Appabent Molecular Weight of Saocharase op Varying Purities* 


Relative purity 

Dj9i.i X W, cm.* sec”' 

M, g. 

4.2 

4.9 

28,000 

9.6 

5.4 

22,000 

58.1 

5.6 

20,600 

210.0 

5.8 

19,600 


bring it up to this value; if initially the velocity were greater than C/, the 
medium would reduce it to this value. 

In order to derive an expression for the driving force, X, in the case of 
thermal diffusion, we make use of the equation for the free energy of a 
dilute solution containing N solute molecules in a total volume F at a tem¬ 
perature Tf which is: 

A + NkT In n (8) 

in which, as before, n is the concentration: 

n = N/V (9) 

In equation (8), which is, of course, a somewhat oversimplified one, the 
term A® represents the free energy of the solution when the concentration 
is unity, and is a complicated function of solute and solvent properties 
which mercifully need not be evaluated. The linear force is then: 



X 


( 10 ) 
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An analogous differentiation with respect to the volume yields the osmotic 
pressure relationship: 



From equation (10), we see that, on an average, the force exerted on 
one solute molecule is: 



On substituting in equation (7), the limiting velocity becomes: 



Using the definition of the diffusion coefficient given by equation (3), we 
thus obtain Einstein’s relation^: 

D = kT/C (14) 

For a spherical particle of radius r moving in a medium of viscosity ri the 
resistance constant is given by the Stokes expression: 

C = 6in;r (15) 

We thus arrive at the Stokes-Einstein equation: 

D = kT/Qmjr (16) 

which has been extensively employed to determine the radii of colloid 

particles, and thence their molecular weights: 

M = Notn = No^rr^p (17) 

Here, iVo is the Avogadro number (6.063 X 10*®), and p the density. Its 
application to the determination of the molecular weights of enzymes is 
illustrated in Table III, in which, for the sake of comparison, the data for 
a sugar and a protein have been included. 

3. Distribution of Molecules in a Centrifugal Field 

The well known work of Perrin has shown how it is possible, by measur¬ 
ing the variation of the concentration of colloid particles with height, to 
determine the Boltzmann constant, A:, and thence the Avogadro number, 
^ 0 , provided the mass of the single particle is known. The procedure can, 
in principle, be reversed; starting with the generally accepted value of fc, 

^ A. Einstein, Ann. Physik 19, 371 (1906); Investigations on the Theory of the 
Movement. Trans. Cowper, Methuen, London, 1926. Recent summaries 
of theories of diffusion of solutes have been given by H. S. Harned, Chsm. Revs. 40, 
461 (1947) and by R. B. Dean, ibid. 41, 603 (1947). 
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which is 1.372 X erg per molecule degree, we can measure the mass of 
a single molecule, and thence its molecular weight. The gravitational 
field, however, is relatively weak, and the variation of concentration 
with height is consequently slight. By means of the ultracentrifuge, cen¬ 
trifugal fields of force may be generated which are about one million 
times as powerful as the gravitational field; the distribution of the molec¬ 
ular population is thus steeper, and molecular weights can be determined 
with greater accuracy. The method has been extensively employed in the 
determination of the molecular weight of proteins, particularly by Sved- 
berg,® who has also given a thermodynamic derivation of the distribution 
law. Its statistical derivation may be given as follows. 


TABLE III 


Molecular Weights of Glucose, Trypsin, Pepsin, and Hemoglobin 
Derived from Stokes-Einstein Law* 


Solute 

T, “K. 

Pig./cm.*’ 

»g./cm. 
sec. 

D X 10», 
cm.’/sec. 

r X IO*. 
cm. 

M, g. 

Glucose*. 

... 298.1 

1.545 

8.94 

678 

3.58 

180 

Trypsin*. 

... 278.1 

1.165/ 

33.3 

2.32 

26.2/ 

61,000/ 

Trypsin. 


1.333 



21.6 

34,000 

Pepsin^. 

... 281.1 

1.297 

17.0 

5.44 

22.2 

36,000 

Hemoglobin^. 

... 278.1 

1.33 

15.2 

4.86 

27.3 

68,500 


• L. Friedmann and P. G, Carpenter, J. Am. Chem. Soc. 61,1745 (1936). 

^ J, H. Northrop and M. L. Anson, J. Gen. Physiol. 12, 543 (1929). 

M. Kunitz, M. L. Anson, and J. H. Northrop, ibid. 17, 373 (1934). 

« J. H. Northrop, Ergeb. Enzymforsch. 1, 318 (1931). 

• L. G. Longsworth, in H. A. Abramson, L. S. Mayer, and M. H. Gorin, Electro¬ 
phoresis of Proteins. Reinhold, New York, 1940. 

• Equations (16) and (17). 

^ Hydrated. 


We consider a system at constant temperature, T, to contain N mole¬ 
cules in a total and constant volume, F. The energy, c, per molecule may 
be expressed as a function of the three spacial coordinates, x, y, and 2 , 
and of the conjugated momenta, p* , Py , and p,. According to the Maxwell- 
Boltzmann law, the number, dN, of molecules in a volume element dxdydz^ 
possessing components of momenta lying between p, and (p, -4- dp,), 
Py and (py + dpy), and p, and (p, -h dp,) bears the following relation to 
the total number, N, of molecules in the system: 

e""*'*** dx dy dz dps dpy dp, 

'. 

N jjjjjj dx dy dz dp^ dpy dp, 

* T. Svedberg, Z. phytik. Chem. 121, 66 (1926); A. Tiselius, Trarte. Faraday 8oe., 
n. m (1037); J. St. L. Pbilpot, Naiwt, 141, 283 (1938). 
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It is convenient to change from Cartesian to cylindrical coordinates, ac¬ 
cording to which the element of volume is: 

dxdydz = rdrdddz (19) 

and the total volume is that of a cylinder of radius R and length L: 

V = fffdxdydz = /* f f rdrdddz tR^L (20) 
JJJ J tmtO J0^0 J r"“0 

The effect of a constant centrifugal field of angular velocity w can be statis¬ 
tically incorporated as a potential energy, — (1/2) rrucl^T^; hence, the total 


z 



Fig. 1. Transformation from Cartesian to cylindrical coordinates. 

energy of a molecule, insofar as it is affected by its translation and by its 
position, is: 


« = ^ (?: + pj + p!) + mgz - I nuaV (21) 


The p terms are components of momenta; mgz is the gravitational energy. 
The integral in the denominator, which is A*/, where h is Planck’s constant 
and / the partition function, must be taken over the whole region of space 
and energy contemplated (see Fig. 1). We thus have: 

/ = tV - <ie rfp. dp, dp. 


/■ 


.—mgBfk T 


dz 


i: 


^+(J/*)(liw»r«/*r) 


( 22 ) 


= 2w (2imkT)*^(kT/mgXl - - 1) 
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In consideriDg the numerator, we note that variations in the angle $ are 
irrelevant, so that dd may be integrated directly, giving 2ir. Similarly, we 
are not concerned with the distribution of velocities or momenta, so that 
the integration with respect to Pz,Py , and p, may be carried out, giving 
us a term (^xinkT)*'* in the numerator also. Hence 


dN _ r dr dz 

N {kT/Tng)(l - - 1) 


But n,.r, the concentration of molecules with the specified positions, is 
dN/2icrdrdz, and the average concentration is NlieB?L. Consequently: 


_ (mgL\( €—1" 

n VfcT/Vl - e—“'"■/V ' 


In strong centrifugal fields, the gravitational force, as already stated, is 
relatively weak, and the appropriate distribution law at all heights thus 
becomes: 


Vl 

n 


2kf ) ' 


(25) 


Thus the ratio of molecular concentrations at two different distances from 
the axis of rotation is: 


Vil =s rj)/*rj (26) 

fh 

which is the dedred relation. 

Formula (26) has been derived for the distribution of molecular concen¬ 
tration of gases in a centrifugal field. Its application to the distribution of 
molecular concentrations of solutes in solution gives directly the effective 
molecular weight, m*, of the solute as: 


^ _ 2irin (ni/nj) 
' ■ - rl) 


If t^o denotes the volume of a single dissolved molecule, of density pj, 
in a solution of density p, then: 


m* = t)(,(p* - p) 


(28) 


m 




The true molecular weight of the solute is thus given by the formula 

O pm \ 2 fcr In (ni/na) 

M ~ p) w*(ri — fj) 


tn 


m 
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The consistency of the results obtained by Svedberg and Fihraeus with 
carboxyhemoglobin (p* « 1:336 g./ml.) is shown in Table IV, which refers 
to a solution containing 1 g. protein in 100 ml. solution at 293.3®, centri¬ 
fuged for 2 days at an angular velocity, to, of 290.3ir radians per second. 

4. Rate of Sedimentation in a Centrifugal Field 

With very powerful centrifugal fields, the concentration gradient es¬ 
tablished is so steep as to allow a measurement of the rate of sedimenta¬ 
tion. As in the statistical experiments, the concentrations are usually 
estimated by optical means. 


TABLE IV 

Centrifugal Determination of Molecular Weight of Carboxyhemoglobin 


n, cm. 

fi, cm. 

Ct® 

Ci* 

M 

M/16,700 

4.61 

4.56 

1.220 

1.061 

71,300 

4.27 

4.56 

4.51 

1.061 

0.930 

67,670 

4.05 

4.51 

4.46 

0.930 

0.832 

58,330 

3.49 

4.46 

4.41 

0.832 

0.732 

67,220 

4.42 

4.41 

4.36 

0.732 

0.639 

72,950 

4.37 

4.36 

4.31 

0.639 

0.564 

60,990 

3.65 

4.31 

4.26 

0.564 

0.496 

76,590 

4.59 

4.26 

4.21 

0.496 

0.437 

69,420 

4.16 

4.21 

4.16 

0.437 

0.308 

66.400 

3.98 




Average 

67,870 

4M 


a Grams per 100 ml. solution. 


To derive the theoretical formula underlying the method, we refer to 
the distribution law in the form of equation (25), from which we see that 
the concentration gradient prevailing at a radial distance, r, is: 


dtir _ 

dr ~ kT 


(30) 


On comparing with equation (3), we obtain for the diffusion coefficient: 

The negative sign does not appear because in this case the transport of 
matter runs counter to the direction of decreasing concentration. Re¬ 
arranging, we obtain, for the apparent weight of one molecule: 
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and for the molecular weight: 



where 8 stands for the sedimentation constant—^a term introduced by 
Svedberg to denote the linear velocity of sedimentation under unit acceler¬ 
ation. It has the dimensions of time, and, as the data of Table V indicate, 
can be determined with an accuracy of one in a hundred. From the mean 
value of 8 given here, with an independently determined value of the dif¬ 
fusion coefficient, Svedberg obtains a molecular weight of 69,000 for car- 
boxyhemoglobin, in satisfactory agreement with results obtained in other 
ways. 


TABLE V 


Determination or Molecular Weight of Carboxthemoolobin bt 
Sedimentation Velocity 


Time, min. 

Idx 

min.~‘ 

Mean x, cm. 

Revolutions 
per min. 

xw* X 10“^ 

8 X lO'*’**, sec. 

30-60 

1.23 

4.525 

39,300 

7.66 

5.36 

60-90 

1.30 

4.601 

39,400 

7.96 

5.44 

90-120 

1.30 

4.679 

39,300 

7 93 

5.47 

120-150 

1.28 

4.757 

39,300 

8.02 

5.34 

150-180 

1.33 

4,840 

39,200 

8.16 

Avercige 

5.44 

6,41 


5. Osmotic Pressure 


If a solution obeys Raoult’s law, and if the partial molar volumes of 
solvent and solute are independent of pressure and composition, its oranotic 
pressure, ir, should be given by the relation: 



Vi 



(34) 


in which Vi is the molecular volume of the solvent, Ni the number of sol¬ 
vent molecules, and N 2 the number of solute molecules in the system. 
This equation is mathematically identical with the following: 




Because of the large molar volumes of enzymes, the molecular ratio, 
Nt/Ni, with which we have to deal can never be large. In point of fact, 
it is covered by the range 3 X 10~* to 3 X 10~^, the latter figure corre- 
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sponding roughly to solutions which contain about 50% by weight of 
enzyme. Unless osmotic pressures can be measured with an accuracy of 
about one part in 10^, it is thus pointless to retain any of the terms in 
equation (36) except the first. Such an accuracy is, of course, not attain¬ 
able. For systems of interest to us, equation (34) is thus mathematically 
undistinguishable from the approximation: 



(36) 

= kTn' 


where n' is the concentration of solute in molecules per ml. solvent. If we 
let the term c' stand for the concentration of a solute of molecular weight 
m, reckoned as grams solute in 100 ml. solvent, we have: 

n' == c'/lOO m 

(37) 

and consequently: 


IT = (A;!r/100 m)c' 

(38) 

Let us now return to the original equation of van’t Hoff: 


Tc =s kTn 

(11) 

and let the term c stand for the concentration of solute, reckoned as grams 
solute per 1(X) ml. solution; then: 

n = c/100 m 

(39) 

and: 


T = (fcT/lOO m)c 

(40) 


The osmotic pressure of aqueous solutions of proteins has been investi¬ 
gated experimentally and theoretically by Adair and collaborators,® from 
whose work the data in Table VI have been taken. They refer to the 
native globin of the ox, prepared in various ways, at 0°, and at the isoelec¬ 
tric point (pH 5.64) of the protein. It is seen that the ratios ir/c' and t/c 
are both reasonably constant. By means of equation (II), the molecular 
weight {M Noin) becomes 37,300, and by means of equation (40) it 
becomes 36,700. It is, perhaps, worth noting that, over the complete range 
of protein concentration employed, there seems to be little to choose be¬ 
tween van't Hoff’s original equation and that derived thermodynamically. 
The assumptions underlying the latter treatment cannot, therefore, be 
less plausible than those originally used. 

•O. S. Adair, Proc, Cambridge Phil, Soc, 1, 75 (1924); Proc, Roy, Soc, London 
A126, 16 (1929); J. Roche, A. Roche, O.S. Adair, and M. E. Adair, Biochem, J . 96- 

1811 (xm). 
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With enzymes and other proteins of higher molecular weight, closely 
similar results are obtained. In buffer solutions not at the isoelectric point, 
independent estimates must be made of the osmotic pressure, Vi , due to 
the uneven distribution of ions on the two sides of the membrane. The 
osmotic pressure is given by the equation: 

X, = / nztd\l/ (41) 

Jo 


TABLE VI 

Osmotic Pressure of Aqueous Solutions of Native Globin of Ox, 
AT 0®C. AND AT THE IsOELECTRIC PoiNT (pH 5.64) 


Sample 

c, g./lOO ml. 
solution 

c', g./lOO ml. 
solvent 

IT, mm. Ilg 

ttIc 

•kIc* 

7 

0.84 

0.85 

4.10 

4.88 

4782 

6 

0.86 

0.87 

3.96 

4.61 

4.55 

6 

0.95 

0.96 

4.51 

4.75 

4.70 

8 

1.01 

1.02 

4.86 

4.81 

4.76 

6 

1.06 

1.07 

4.46 

4.21 

4.17 

6 

1.49 

1.51 

6.88 

4.62 

4.56 

6 

1.53 

1.56 

7.02 

4.59 

4.50 

7 

1.64 

1.67 

7.59 

4.63 

4.5-1 

9 

2.08 

2.13 

9.63 

4.63 

4.52 

10 

2.50 

2.56 

10.76 

4.41 

4.21 

6 

3.09 

3.19 

14.62 

4.73 

4.58 

7 

3.33 

3.42 

15.46 

4.65 

4.52 

7 

5.79 

6.13 

28.60 

4.95 

4.67 

7 

7.54 

8,13 

37.40 

4.96 

4.60 

7 

10.18 

11.30 

48.80 

4.79 

4.32 

7 

10.18 

11.30 

53.30 

5.23 

4.72 




Average 

4M 

4.66 





dcO.43 

±0.S9 


in which n is the number of enzyme molecules per ml. solution, z the val¬ 
ence of the enzyme ion, € the electronic charge, and'P the membrane poten¬ 
tial under specified conditions. 

It will have been observed that the molecular weight of globin is about 
one half that of hemoglobin, and, according to Adair and coworkers,* 
is exactly one half if allowance is made for the elimination of the four mole¬ 
cules of hematin which accompany the formation of globin. To this numer¬ 
ical relationship we shall return in a later section. 

6. Determination of Molecular Weight by Chemical 

Analysis 

It is well known that the chemical analysis of a pure substance yields 
only its empirical formula, or its minimum molecular weight. Thus, with 
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integral values of n, the empirical formula (CH 20 )n is found for formalde¬ 
hyde and its polymers, and for the hexoses and starches. Enzymes, how¬ 
ever, generally contain small amounts of metals, such as magnesium or 
iron, or of nonmetals such as sulfur and phosphorus. Accurate physico¬ 
chemical estimation of the proportion in which these rare constituents are 
present takes us one step nearer the goal, for the molecule of an enzyme 
must contain at least one atom of each constituent. Pepsin, for example, 
prepared from different sources and purified by adsorption and subsequent 
crystallization, is found by Northrop to contain 0.078 g. phosphorus in 
100 g. pure enzyme. Since the atomic weight of phosphorus is 31.024 g., 
the minimum molecular weight of the enzyme is (31.024/0.078) X 100 = 

TABLE VI A 

Elementary Analysis of Some Pure Enzymes (weight per cent) 


Other 

elements 

excluding 

Enzyme C H N S P oxygen 


Yellow enzyme-. 51.5 7.37 15.9 0.48 0.043 — 

Trypsin*. 50.0 7.20 14.9 1.10 0 — 

Pepsin*. 52.4 6.67 15.9 0.86 0.078 0.22 (Cl) 

Cytochrome c'*. 49.2 7.33 14.4 1.18 — 0.34 (Fe) 

Urease*. 51.6 7.10 16.0 1.20 — — 

Carboxypolypeptidase*^.. 52.6 7.20 14.4 0.47 — — 


- H. Theorell, Ergeb. Enzymforsch. 6, 125 (1936). 

* J. H. Northrop, J. Gen, Physiol. 16, 267 (1932); Crystalline Enzymes. Columbia 
Univ. Press, New York, 1939. 

* J. H. Northrop, Ergeb. Enzymforsch. 1, 318 (1931). 

** D. Keilin, Ergeb. Enzymforsch, 2, 239 (1933). 

* J. B. Sumner, Ergeb. Enzymforsch. 1, 295 (1932). 

^ M. L. Anson, J. Gen. Physiol. 20, 663 (1937). 


39,800 g. This result lies so near that found by other methods as to leave 
no doubt that the pepsin molecule contains one atom of phosphorus. 
Similarly, from the percentage of iron in cytochrome c, a minimum molec¬ 
ular weight of 16,5()0 =h 500 g. is established. Taken in conjunction with 
the actual molecular weight as determined by the velocity of sedimenta¬ 
tion, vre conclude that this protein contains one atom of iron per molecule. 
Hemoglobin, according to the same argument, contains four atoms of iron 
in one molecule. 

The present method of molecular weight determination is clearly ap¬ 
plicable only to enzjTOes which can be prepared with a high degree of 
purity. A summary of results thus obtained is shown in Table VI-A. 

Provided the enzyme preparation may be obtained in a pure, crystalline 
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state, the molecular weights afforded by the various methods discussed 
here lead to concordant results, as the data for pepsin (Table VII) indicate. 
The variation from the mean value is doubtless due in part to the inaccuracy 
of some of the methods, but it should be remembered that enzymes exist in 
various states of hydration, and that the bases of various experimental 
methods of molecular weight determination are not equally trustworthy. 
The molecular weights of certain enzymes and related proteins are sum¬ 
marized in Table VIII. 


TABLE VII 

Molecular Weight of Pepsin by Various Methods 

Molecular 

Method weight 


Diffusion coefficient. 

Distribution in centrifugal field. 

Velocity of sedimentation in centrifugal field 

Osmotic pressure. 

Chemical analysis, based on 1 atom P. 

Chemical analysis, based on 2 atom Cl. 

Chemical analysis, based on 10 atoms S . . 

Mean . 


36,000 

39,200 

35,500 

35,000 

39.800 
35.000 
36,000 

96.800 ±9,000 


TABLE VIII 

Molecular Weight, M, of Certain Enztmes and other Proteins in Water 


Enzyme M X 10“*, g. Protein X 10 *, g. 


Ribonuclease ... . 14 Cytochromr' C . 14 

Saccharase . . 36(?) Myoglobin. 17 

Trypsin. 34 Gliadin. 27 

Pepsin. 37 Globin. . . 37 

Emulsin 38 Egg albumin.42 

Yellow enzyme. 76 Hemoglobin.. ... 67 

Catalase. 248 Serum albumin ... 70 

Urease. 483 Phyocyanin. 272 


II. Electrophoresis 

Of quite as much importance as the size and shape of enzymes are their 
electrical properties, in particular the charge on their surface, and the 
difference in potential between the surface and the solution. These topics 
have been extensively examined by experimental and theoretical means in 
recent years. 

1. Rigid Double Layer of Helmholtz and Lamb 

The electric potential, at any point is defined as the electrical work 
which must be expended in bringing unit positive charge from infinity up 
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to that point. The potential energy of a charge of magnitude q, at a point 
where the potential is is thus \l>q, relative to zero potential energy at 
infini ty. If, therefore, an enzyme is a sphere of radius r and possesses a 
charge q, the electrical potential at any point on its surface is; 

= q/Dr 

where D is the dielectric constant of the medium in which the sphere is 
immersed. This equation implies that the sphere is nonconducting, and 
that the medium acts as a structureless continuum. Because enzymes in 
solution are, considered in their entirety, electrically neutral, it seems 
reasonable to suppose that around each there exists a quantity of elec* 
tricity of equal magnitude and of opposite sign to that possessed by the 
enzyme. If such a charge, — g, is uniformly spread on the surface of a larger, 


-q 



concentric sphere of radius r + d (Fig. 2), the potential at any point on the 
surface of this larger sphere is: 

^1 =» -q/ir + d) 

The potential due to the double layer is thus: 

<«) 

or, if the thickness, d, of the double layer is small compared with 
the radius, r: 


i^qd/Dr» 


( 43 ) 
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The surface density of electricity in the present example is: 

<r = j/4aT* (44) 

Hence: 

f = iirad/D (46) 

A discontinuity of potential thus implies the existence, over the surface 
of discontinuity, of a double layer of positive and negative electricity, the 
difference in potential on the two sides being equal to 4ir times the electrical 
moment (per cm.’) of the layer. This is Helmholtz’s conclusion, in his 
own words.’ 

Two extreme accounts may be given in terms of modem theories of the 
origin of the double layer. The simpler and less probable explanation is 
that it is due to a set of molecular dipoles, all the positive ends of which 
give a charge to one sphere, and all the negative ends of which give the 
charge to the other. The thickness, d, of the double layer in this case is sim¬ 
ply the length of the dipoles, which is related as follows to the dipole mo¬ 
ment, M) and the element of charge, c, at either end: 

fi = ed (46) 

If there are n identical dipoles per cm.* of surface, the surface density of 
electrical charge is: 

<r = ne (47) 

Hence: 

{ = 4 imiJi/D (48) 

If the dipoles are rigid, the concentric spheres possess a net charge of zero, 
cohere firmly, and do not respond to an external field. To account for the 
movement known to occur when such a system is placed in a uniform elec¬ 
trostatic field, it is thus necessary to introduce the conception of slip be¬ 
tween the layers—a subject examined hydrodynamically by Lamb.* From 
the kinetic-molecular aspect, facility of slip can be thought of as ease of 
bending of the dipoles from a radial inclination, or of ionization of the polar 
molecules into cations and anions, one of which is retained by the particle 
and the other taken up by surrounding solvent molecules. The latter con¬ 
ception is probably nearer the truth insofar as enzymes in aqueous solutions 
are concerned. Before enlarging on it, we must first deal with the direct 
experimental measurement of the potential difference between the surface 
of an enzsrme particle and the solution surrounding it. 

* H. Helmholtz, Ann. Phytik 7, 337 (1879). 

*H. Lamb, Phil. Mag. (v) 25, 62 (1888). 
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2. Experimental Determination of Zeta Potential 

In addition to the indirect methods afforded by osmosis and electrophore¬ 
sis, there exists a fairly direct electrostatic procedure by means of which 
the potential difference between an enzyme surface and its solution may be 
measured. The enzyme is spread as a unimolecular film on an aqueous 
solution of known pH in a Langmuir trough kept at constant temperature. 
One electrode is placed in the bulk of the solution below the film; the other 
is brought very near the surface from on top. This electrode consists of a 
copper wire at the tip of which is a radioactive metal, such as polonium; 
the a-particles emitted by this metal ionize the intervening air gap and 
establish electrical contact with the film. Working with a sample of pure 
trypsin provided by Northrop, Schulman and RideaP measured the po- 


TABLE IX 

Interfacial Potential and Transport Energy for Trypsin-Water 

Interface* 


pH 

{, niv. 

—cal./g. mole 

2 

360 

8,290 

4 

306 

7,050 

6 

188 

4,330 

8 

104 

2,400 

10 

80 

1,840 

12 

72 

1,660 


tentials given in Table IX, the last column of which gives, in calories per 
gram mole, the energy necessary to bring a single negative ion of unit 
valence from the bulk of the solution to the surface of the enzyme. The 
dependence of { on pH has the same general form (Fig. 3) in the case of 
carboxypolypeptidase, pepsin, and egg albumin. 

3. Diffuse Double Layer of Gouy 

On account of coulomb forces, a positively charged particle repels other 
positively charged particles, and attracts negatively charged particles. 
Were these the only forces to be reckoned with, electrically neutral systems 
formed of ions would consist of an arrangement of ions of one kind sur¬ 
rounded exclusively by ions of the other kind, as in crystalline salts like 
sodium chloride. In solution,-however, the organizing tendency of electro¬ 
static forces is combated by the disorganizing effect of thermal motion, with 
the result that a positive ion is surrounded predominantly, but not exclu¬ 
sively, by negative ions. Gouy^® first suggested that the charge, +?, on 

* J. H. Schulman and £. K. Rideal, Biochetn. J. 87, 1581 (1933). 
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a colloid particle may be balanced by a charge —q due to preponderance 
of negative ions in its vicinity—an idea which has since been applied by 
Milner, Debye, and others to the simpler systems of solutions of salts. The 
problem is to determine the average value of the potential, as a function 
of the distance, r, from the center of a representative ion. Poisson’s 
equation: 

vV=-^n (49) 



Fio. 3. Interfacial potential of the trypsin-water layer. 


relates this potential to the dielectric constant, D, and the charge density, 
n, which is the amount of positive electricity per ml. If there are n+ ions, 
each with charge c, and n. ions, each with charge —c, in 1 mi. we have: 

n»»+€ + M-«) ( 60 ) 

By applying of Boltzmann’s law to the variation of ionic concentration 
from the average value, n, and considering only electrostatic ener^es which 
are smaU compared with kT, we have: 

^ -4 1 - 

n ’ kT 

» G. Oouy, J. phy$. 9 , 4S7 (1910). 


( 61 ) 
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and: 

n-'_ ■H.rtT , 1 

IT “ ® 

(52) 

Hence: 

= (^) * 

(53) 

More generally: 


(54) 

where 

J 4re^En,Zi Sirt^Noj 

* DkT 1000 DkT 

(55) 


Here, j is the ionic strength, and n, is the bulk concentration, in ions per 
ml., of ions of the z'th type, and 2 < is the corresponding ionic valence. If 
the field surrounding the representative ion is spherically symmetrical, the 
differential equation reduces to: 


dr* 


K* 


(56) 


which is known to have the general solution: 


^ = 




(57) 


The particular solution of interest is that which makes ^ zero when r is 
inffnite, and d4//dr equal to the coulombic expression —q/Dr* w'hen r = ro, 
the radius of the representative ion, of charge q. It is readily found: 




-.(r-r,) 


Dr (I + KTo) 


(58) 


Making use again of Poisson’s equation, we obtain for the electric density 


n- 


2 -«(r~ro) 

6 


irr (1 + xro) 


(59) 


This expression will be applied below to the determination of the charge 
oh a protein particle. The total charge of electricity in the whole cloud is: 



n4irr* dr 


-9 


(60) 


which is equal in magnitude to the charge on the central ion, but of op¬ 
posite sign. 
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4. Electrophoretic Mobility 

In a field of strength, F, the force acting on a particle of charge, q, is 
Fq. Equation (5) thus becomes: 

m(du/dt) — Fq — Cu (61) 

When a steady state has been reached, both sides of this equation are zero. 
Letting w now stand for the steady velocity, we have: 

q = Ciu/F) = Cu" (62) 

where w® is the electrophoretic mobility, i.e., the velocity in a field of unit 
strength. If the particle is spherical and subject to Stokes’ law (equation 
15), then: 

q = 6in;rM® (62a) 

These considerations apply only to infinitely dilute solutions, for it has 
been assumed in deriving them that we can deal with an isolated particle, 
uninfluenced by the presence of all other solutes. In general, we may write 
for the mobility at a concentration, n,, of solute molecules or ions: 

q - 6irr]ru^f(Xni) (63) 

where /(2n<) is some function, generally unknown, of all the solute con¬ 
centrations concerned. In order, therefore, to determine the charge on an 
enzyme, measurements must be made of the electrophoresis at various ionic 
and molecular concentrations, and u® values thus obtained must be plotted 
as any convenient function of the total concentration of solute. The concen¬ 
tration itself, its square root, its logarithm, or any other function may be 
used, provided it affords legitimate extrapolation to zero concentration. 
In the present state of our knowledge, this method is the only reliable and 
general one which can be used to measure the charge on a colloid particle 
from electrophoretic measurements. 

Much work has been done in attempting to evaluate/(2n<) theoretically. 
According to Henry,“ it is explicitly a function of nr, involving seven terms, 
and varying from unity for zero values of *r (infinite dilution or negligibly 
small radius) to f for infinite values of kt (strong solutions or large radius). 
The simpler treatment of Hflckel** may be given to illustrate the nature 
of the problem. 

The effect of the electrostatic field is to push the enzyme ion in one direc¬ 
tion and to pull the ion cloud which surrounds it in the opposite direction. 
Due to the coherence between the enzyme and its cloud, the latter effect 
has a retarding influence; hence the mobility in real solutions is always less 

u D. C. Henry, Proc. Boy. 8oe. London AISS, 106 (1961). 
u E. Hackel, Z. Pkytik U, 204 (1924). 
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that in infinitely dilute solutions. According to equation (59), the 
amount of electricity in a shell of radius r and thickness dr is: 

The force acting on this shell is Fdq. If the movement of the shell can be 
likened to the movement of a sphere of this radius, which obeys Stokes’ 
law, the increment of velocity due to it is: 


du' 


Xq , 

6inj (1 + Icfo) * ^ 


(65) 


The effective total velocity of the whole cloud is obtained by integrating 
this expression from ro, the radius of the enzyme, to infinity. It is: 


«' = 



( 66 ) 


The actual velocity of the whole system is thus: 


and the mobility is: 



(67) 


This expression we shall use in the next section to determine the charge on 
a protein ion. 

The specific influences of the viscosity of the medium,** the shape of the 
particle,** the size of inorganic ions,** the conductivity of the sphere, and 
the deformability of the cloud** have been theoretically investigated.*^ 


5. Determination of Charge on a Protein. Ion 

Tiselius and Svensson** have measured the mobility of egg albumin in 
aqueous solutions at 0.5°, keeping the pH constant at 7.10, and vaiying 

" M. von Schmoluchowski, Ann. Pkysik U, 766 (1906); Kolloid Z. 18, 194 (1916). 
>« J. J. Bikermann, Z. phytik. Ckem. 16S. 378 (1933). 

*• M. H. Gorin, J. Chem. Phyt. 7, 406 (1939). 

" H. A. Abramson, Electrokinetic Phenomena. Rmnhold, New York, 1934; H. A. 
Abramson and L. Michaelis, J. Oen. Phytiol. 18, 686(1928). 

** H. A. Abramson, L. S. Moyer, and M. H. Gorin, Electrophoresis of Proteins. 
Reinhold, New York (1942). See also the report of a symposium held by the Faraday 
Society on the Electrical Double Layer, Trant. Faraday Soc. 88, 711 (1940). 

*' A. Tiselius and H. Svensson, Trana. Faraday Soe. 88, 16 (1940). 



50 


B. A. MOELWTN-HUGHB8 


the ionic strength over a hundredfold. Under these conditions {D ■> 87.7, 
T as 273.6°), it follows from equation (55) that: 

K =■ 3.29 X 10^ X V7 

From diffusion experiments, the radius, ro, is known to be 2.75 X 10^* 
cm. Hence: 

irfo =* 8.93 Vj 

In Table X, the first and last columns give the experimental values of the 
ionic strength and the mobilities. The intervening columns contain the 
values of itro and the function (1 + kto) calculated by means of this rela¬ 
tion. On plotting Uo against 1/(1 H- «>‘o) (Fig. 4) a very satisfactory linear 


TABLE X 

Electrophoresis or Ego Albouin*** 


i 

CTo 

(1 “h KTt) 

M® X 10®, cm. 
8ec.“Vvolt cm.~* 

0 

0 

1.00 

(20.35) 

0.00143 

0.33 

1.33 

15.6 

0.00442 

0.59 

1.59 

13.2 

0.00941 

0.87 

1.87 

11.6 

0.0244 

1.39 

2.39 

9.45 

0.0494 

1.99 

2.99 

7.60 

0.100 

2.82 

3.82 

6.70 

0.140 

3.34 

4.34 

6.29 

0.200 

4.08 

5.08 

5.70 


• T - 273.6*; D - 87.7; pH - 7.10; r. - 27.6 X lO"* cm 


relationship is obtained. The value of the ordinate corresponding to unit 
value of the abscissa gives the electrophoretic mobility at infinite dilution 
to be 2035 X 10“‘ (cm./sec.)/(volt/cm.), or, expressing the field in elec¬ 
trostatic units: 

u* ■“ 6.105 X 10 ^(cm./sec.)/(e.s.u./cm.) 

By means of equation (62), therefore, with 17 » 1.79 X 10"* g./cm. sec., 
we find that the charge is: 

q * 5.67 X 10~*e.8.u. 

and therefore the valence, obtained by dividing by the electronic charge 
(4.77 X 10^“ ej.u.), is: 

II*® 

which is in absolute agreement with the value found by Adair from his 
studies of the membrane potential under the same conditions. In point of 
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fact, Tiselius and Syensson set out by accepting Adair’s value for 
the valence, and use their results to show the agreement with the theory 
of Henry, which is in all ways satisfactory. The present analysis indicates 
a comparable agreement with the simpler theory of Htickel, and the im> 
possibility of deciding in favor of either. 

6. Isoelectric Point 

Though the charge on an enzyme particle is affected by the concentration 
of all the various ions present in solution, it is most sensitive to the con¬ 
centration of hydrogen ions and hydroxyl ions. If, for example, we add a 



(l/l♦kro) 

Fig. 4. Effect of ionic strength on electrophoretic mobility of egg albumin at con¬ 
stant pH. 

Strong acid to a solution containing a negatively charged enzyme, its charge 
is reduced, and consequently the velocity with which it moves toward the 
anode is diminished. With further increases in the concentration of hy¬ 
drogen ion the charge on the enzyme is reduced to zero and the particles are 
motionless in an electrostatic field. A still further increase in the hydrogen 
ion concentration endows the enzyme with a positive charge, and a conse¬ 
quent motion in the opposite direction, that is, toward the cathode. The 
isoelectric solution is that in which the enzyme has zero charge and mobility. 
A typical curve showing the dependence of u® on pH is to be seen in Fig. 5, 
to which the data in Table XI refer. 

From the data of Longsworth on the mobility of egg albumin at various 
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Fio. 5. Effect of pH on electrophoretic mobility of egg albumin at constant ionic 
strength. 


TABLE XI 


Effect of pH on Mobility and Valence of Eoo Albumin at 0®, and 
Ionic Strength of 0.1** 


Buffer 

pH 



r 

u® X 10», cm. 
sec^Vvoil* cm.~* 

Spherical 

model 

Cylindrical 

model 

Glycine 

3.05 

4-6.25 

4-11.06 

4-13.13 

Acetate 

3.62 

4-3.89 

4-6.89 

4-8.17 

ti 

3.91 

4-2.79 

4-4.94 

-f5.86 

it 

4.64 

-0.20 

-0.35 

-0.42 

it 

5.33 

-2.82 

-4.99 

-5.91 

it 

5.65 

-3.53 

-6.24 

-7.40 

Cacodylate 

6.12 

-4.46 

-7.89 

-9.34 

Phosphate 

6.12 

-4.94 

-8.74 

-10.40 

« 

6.71 

-5.46 

-9.68 

-11.4 

tt 

6.80 

-5.92 

-10.5 

-12.4 

Barbiturate 

7.83 

-5.92 

-10.5 

-12.4 

Glycine 

10.28 

-6.21 

-11.0 

-13.0 

<< 

10.88 

-7.00 

-12.4 

-14.7 

it 

11.81 

-9.31 

-16.5 

-19.6 


** L. G. Longsworth, tn H. A. Abramson, L. S. Moyer, and M. H. Gorin Electro¬ 
phoresis of Proteins, New York, 1942. 
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pH values, Abramson, Moyer, and Gorin” have calculated the valences of 
the proteinate ion, using Henry’s theory” as modified by Gorin,” to take 
account of the hnite mean radius, u , of the buffer ions. The charge on a 
spherical particle is given by the expression: 


9 


GmjroM* 


(1 4~ <ro + 

(1 + «•<)/( Wo) 


(67a) 


If we were to omit the correcting term, Kti , we would obtain Henry’s equa¬ 
tion of electrophoresis. Henry’s function, /(wo), in the present instance is 
1.097. If that function was taken as unity we would, of course, obtain 
equation (67). The valences of the protein, based on a cylindrical model, 
have been computed by adopting a resistance factor differing from Stokes’ 


TABLE XII 


Isoelectric Points or Certain Enzymes and Simple Ampholytes 


Enzyme 

pH at isoelec¬ 
tric point 

H ion concn., 
g. mole/liter 

Pepsin. 

. 2.85 

1.41 

X 

10“» 

Urease. 

. 5.05 

8.91 

X 

10-^ 

Catalase. 

. 5.58 

2.63 

X 

10^ 

Tr)rp8in. 

. 7.50 

3.16 

X 

10-» 

/3-Fructosidase. 

. 8.25 

5.62 

X 

10-» 

FI avase. 

. 9.85 

1.41 

X 

10“»® 

p-Aminobenzoic acid. 

. 2.14 

7.24 

X 

10“» 

Aspartic acid. 

. 2.96 

1.10 

X 

10-* 

Alanine. 

. 6.20 

6.31 

X 

lO-’ 

Oxyhemoglobin. 

. 6.75 

1.78 

X 

10“’ 

Arginine. 

. 10.50 

3.16 

X 

10-»» 


expression for spheres. Within the range considered the valence of the egg 
albumin particle varies from about -f 12 in acid solution to about —18 
in alkaline solution. These are not necessarily the maximum valences, nor 
is there any reason to expect them to be equal. 

A summary of the concentrations of hydrogen ions for isoelectric solu¬ 
tions of enzymes and simpler amino acids is given in Table XII. 

7. Mui/nPLB Ionization of Colloidal Ampholytes 

The charge on an enzyme particle has its origin in the ionization of the 
(usually weak) acidic and basic organic groups of atoms which form an 
essential part of its structure. In order to gain a pictorial representation of 
the phenomenon, let us suppose that these groups are all situated im the 
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enzyme surface, and that one enzyme has a number, a, of acidic groups and 
a number, 6, of basic groups. It will be necessary also to assume that the 
groups are sufficiently far apart to ionize independently, so that we are 
virtually dealing with the ionization of a w’eak acids and b weak bases. The 
rate of increase in the concentration, nn, of hydrogen ions in solution be¬ 
comes, by Langmuir’s method: 

+ Tig a [vu^H ““ ^h^h(I “* ^h)] (®8) 

where Ug is the number of enzyme molecules per ml., and 6b is the fraction 
of acidic groups undissociated. At equilibrium, this rate is zero, and con¬ 
sequently: 


=s 

” J'H + kutiH 

Similarly, for the fraction of basic groups undissociated, we obtain : 

^ koH 'ftoH 

tfon —-]—r- 

roH "T WonnoH 


(69) 

(70) 


The constants Ath > *'h » kon » s-nd pqb in these expressions can readily be 
shown to be related as follows to the ionization constants of the acidic 
and basic groups: 


Ka — ^u/ku (71) 

Kb = Pon/koH (72) 

The charge of electricity on the enzyme surface is thus: 

q = a(-e)(l ~ ^h) + &€(! ~ Bon) (73) 


On substituting the expressions for 6 and /C, using the ionic product of 
water: 


— tIhTIoh (74) 

we obtain for the valence of the enzyme: 

^ ^ k __ _ Kg 

€ {K^/Kh) + riH Kg + ne 

In strongly acid solutions, the valence is seen to be b, the number of basic 
groups per enzyme particle; in alkaline solution, the valence is —a, the 
number of acidic groups per enzyme particle. At the isoelectric point, when 
the valence is zero, the concentration of hydrogen ions is given by the 
quadratic equation: 


0 


(76) 



2. PHYSICAL CHEinSTHT AND CHEMICAL KINETICS OP ENZYMES 55 


which reduces, when a = b, to: 

Hh (isoelectric) = K„Ka/Kb (77) 

This well known relationship can, of course, be derived in other ways. The 
present derivation has been given in order to illustrate Langmuir’s method, 
which will be used in other sections of this article. 

The increase in heat content attending a reaction for which the equi¬ 
librium constant is K is given by the van’t Hoff isochore: 

A// = RT^(d In K/dT) (78) 

The temperature variation of the i.soelectric pH is thus given by the relation 

-4.606 RT^ = AH„ -|- AHa - AHt (79) 

at 

in which A//, w’ith the subscripts w, a, and b are the increases in heat con¬ 
tent associated with the ionization of one gram mole each of water, acid, 
and base, respectively. If the two latter are equal, d(p}i)/dT is determined 
by the heat of ionization of water (13,450 cal.), and is —0.0331 at 25®. On 
the other hand, solutions of proteins may be buffered at concentrations of 
hydrogen ions remote from the isoelectric point. Application of equation 
(78) then gives a composite heat effect in terms of the mole fractions of 
acid and base that are ionized. By this means, Adair, Cordero, and Shen*^ 
have determined Alla as 6,500 ± 700 cal. in the case of hemoglobin, and 
have reconciled previously conflicting results derived from titration and 
calorimetric sources. 

in. Catalysis 

Detailed aspects of cataly.sis by enzymes are to be found in any of the 
standard works on this subject.^* Recent advances have also been the 
subject of review.*^ A brief account will here lye given of the principal fea¬ 
tures of enzyme catalysis, outlining, as it were, the trunk and branches of 
the tree, but omitting reference to the twigs and foliage. 

As in earlier passages, the concentration in molecules per cm.* is denoted 
by the letter n, which is related as follows to the concentration, c, expressed 
in gram moles/liter: 

n = = 6.06 X 10*c (80) 

G. 8. Adair. N. Cordero, and T. C. Shen, J. PhysioL $7, 288 (1929). 

E. Bamann and K. Myrback, Methoden der Fermentforschung. Thieme, Leipzig, 
1941; J. B. 8. Haldane and K. G. 8tern, Allgemeine Chemie der Enzyme. 8teinkopff, 
Dresden and Leipzig, 1932; E. WaUischmidt-Leitz, Enzyme Action and Properties. 
London, 1929. 8ee also reference 2; J. B. 8umner; Ergeb. Emymforaeh, 1, 295 (1932); 
J. B. Sumner and G. F. Somers, Chemistry and Methods of Enzymes. 2nd ed. Aca¬ 
demic Press, New York, 1947, 

*• E. A, Moelwyn-Hughes, Ergeb, Eruymforsch, 2,1 (1933); 6 , 23 (1937); Handbuch 
der Ensymologie. Akademische Verlagsgesellsohaft, Leipzig, 1939. 
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Subscripts, E, S, P, C, and I will be used to denote, respectively, eniyme, 
substrate, product, complex, and inhibitor. 

1. Depbndbnce of Reaction Velocity on CJoncbntration of 
Substrate. Michaeus Law 

Let us consider an enzyme-substrate system described by the following 
scheme: 

kt 

Elnzyme + substrate complex * products 

fci 

(fl# — Tic) Tic Tic Tl^ 

in which ki and A;t are unimolecular velocity coefBcients, and kt is a bimo- 
lecular velocity coefficient. By equating the rate of disappearance of sub¬ 
strate molecules to the rate of appearance of product molecules: 

— ^ ^ - kt(nM - nc)na - *1 Tic - hric 


we see that: 


(tI« — Tlc)Tlg 

nc 


+ k% 
kt 


K 


(81) 


Similarly, by equating to zero the sum of the rates of appearance and dis¬ 
appearance of complex molecules: 



ki{nu — nc) na — kiTic — fcjTic * 0 


we obtain, for the stationary concentration of intermediate complex: 

ktnwna 

* (*1 + kt) + ktUa 
By eliminating Tic, the rate of reaction becomes: 


dng _ ktUgHa 

dT " ITTna 


(82) 


Hence, at all concentrations of substrate, the rate of reaction is directly 
proportional to the concentration of enzyme molecules. This is the first law 
of enzyme catalysis, to which there are but few exceptions. At relatively 
low concentrations of substrate, the rate equation becomes that of a bimo- 
lecular reaction: 


dna 

H 




( 83 ) 
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Because, however, the concentration of catalyst is constant, the unimoleo- 
ular law is obeyed, namely: 


lln!L- 

t fta 




ktktiiM 
fci + 


Here, nS represents the initial concentration of substrate, and n* its con¬ 
centration after a time, t, from the start of the reaction. This relation also 
has found wide applicability, by von Euler, Van Slyke, Nelson, Northrop, 
and others. Returning to equation (82), we note that the rate of reaction 
increases as the initial concentration of substrate is raised, until it reaches, 
asymptotically, a limiting rate, which is given by the relation: 


R - 



(84) 


The constant, kt , thus stands for the upper limit to the number of substrate 
molecules which one enzyme can decompose in one second. Warburg** has 
called it the turnover number. On comparing equations (82) and (84), 
we have: 


r Its 

R iC -f- n* 


(85) 


a relation which is illustrated by Fig. 6. Clearly, when the rate, r, equals 
one half the limiting rate, R, the concentration of substrate is numerically 
equal to K: 


K - n*s (86) 

It is by this means that the Michaelis constant has been evaluated for a 
large number of enzyme-substrate systems (see Table XIII). 

The increase in free energy attending the dissociation of the c(snplex 
into free enzyme and substrate molecules is given by the van’t Hoff iso¬ 
therm as: 


A(?» - -RT In K (87) 

Numerical values are included in Table XIII. If the Michaelis constants 
were known at various temperatures, we could, on applying equation (78) 
determine tlm increase in heat content, AH, attending the dis^iation of 
the complex, and the increase in standard entropy, using the definition: 

AS* - ^ y ^ (88) 

Only in a very few cases are such data available. From von Euler’s woik on 

** O. Warburg, Brgtb. Biuymfvnek. T, 310 (1888). The time unit oaad by Warburg 
is, howavar, the minute. 
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Fio. 6. Inlfiuence of substrate concentration on the rate of enzymatic reactions. 


TABLE XIII 

Michaelis Constants for Enzyme-Substrate Systems at 298.1° 


Enzyme 

Substrate 

K.g. 

moles/liter 

cal./g. 

mole 

Maltase 

Maltose 

2.1 X 10-‘ 

900 

Maltase 

a-Methylglucoside 

5.6 X 10-» 

1700 

/^•Glucosidase 

Helicin 

1.6 X 10-* 

2400 

it 

Arbutin 

4.2 X 10-‘ 

1900 

it 

Salicin 

2.6 X 10-* 

2200 

a 

/3-Methyl glucoside 

8.6 X 10-' 

100 

Saccharase 

Sucrose 

2.8 X 10-* 

2100 

(< 

Haflinose 

4.5 X 10-' 

500 

Zymase 

Glucose 

6.0 X 10-» 

3000 

Lipase 

Ethyl D-mandelate 

5.0 X 10-» 

4500 

it 

Ethyl L-mandelate 

1.6 X I0-* 

3800 

Phosphatase 

Glycerylphosphoric acid 

3.0 X 10-‘ 

3400 

Urease 

Urea 

2.5 X 10-» 

2200 

Oxygenase 

Oxygen 

1.5 X 10-* 

7900 

Oxidase 

Citrate 

2 X 10-‘ 

5000 

Dehydrogenase 

Methylene blue 

7 X 10-* 

7000 

Xanthine oxidase 

Adenine, xanthine 

3 X 10-* 

6200 


the sucrose-saccharaae system, it is found that is 2000 cal., and A5® 
is 0.3 cal./mole degree. His results and those reproduced by the equation: 


K 


6 ‘C 
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are given in Table XIV. The magnitude and sign of the entropy term indi¬ 
cate that the complex is slightly more orderly than the free enzyme and 
substrate. 

Hitchcock, Weidenhagen, and others have shown how an equation of 
the Michaelis type can be derived on the basis of Langmuir's adsorption 
theory. Let us suppose a single enzyme to have on its surface a number, 
no , of active centers on which substrate molecules can be adsorbed. At 
equilibrium, let a fraction, 63 , of th(?se centers be occupied. Then: 

+ = Vs ks risil Ba) == 0 

at 

where va is the probability per sec ond that an adsorbed molecule evaporates, 
and kaUa is the total numlx^r of collisions made per second by substrate 


TABLE XIV 

Michaelis Constants for Saccharase^Sucrose Sy.stem at Various 

T EM FBRATURES® 




K X 10», 

g. moles/liter 

Observed 

Calculated 

274 


21 

20 

288 


25 

24 

298 


26 

27 

312 


32 

31 


• After von Euler * 

molecules on the active portion of the surface. Then: 


Bs — 


ks fXs Hh Vs Hd 


(90) 


which agrees formally with equation (85). When the substrate is present 
at very high concentrations, the fraction, Bs , becomes unity, that is, all 
the active centers are (xcupied. When the velocity has reached half its 
limiting value, = 1, and A" = n© va/ks . 

The treatment can lx* taken a stage further by using theoretical expres¬ 
sions for Va and ka . For the former, we have in terms of Planck’s constant, h: 

vs = {kT/h)er^'^^^ 


and for the latter we have the kinetic theory expression: 


ka 
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where o ia the area of an active spot, and k is Boltsmann’s constant. Hence: 

K »■ ^-(si-*»)/sr 

ho 

S imil a r calculations have led to the conclusion that there are from 1 to 8 ac¬ 
tive centers on a saccharase molecule.* Sumner and Myrb&ck* had, by 
another method, previously estimated the number as 7 in the case of urease. 

2. Dependence op Reaction Velocity on Concentration op Inhibitor 

Molecules other than the specific substrates can be adsorbed on the 
ensyme surface. They are termed inhibitors, or, if strongly adsorbed, 
pmsons. The divalent cations of copper, sine, mercury, and lead, the uni¬ 
valent cations of silver and ammonium, the univalent anions cyanide and 
hsfdrosulfide, and molecules such as C 3 ^ine and glutathione are typical 
examples. The adsorption of inhibitors is generally reversible, so that, by 
kinetic experiments, the equilibrium constant governing the formation of 
the mhibitor-enxyme complex can be investigated in the wama way as the 
equilibrium governing the formation of the substrate-ensyme complex 
(equation 81). Its value in the saccharase—aniline and the saccharase—sUver 
examples are 2.5 X 10~^ and 4.0 X 10~* moles/liter, respectively.** For 
the complete inhibition of one molecule of urease, 7 atoms of silver are 
required.** 

In applying the adsorption theorem to the problem of inhibition, we may 
denote by $t the fraction of the enzyme surface covered by inhibitor mole¬ 
cules at equilibrium. In the presence of substrate, the fraction of the sur¬ 
face which is unoccupied is now (l - e, - g,). On solving two simultaneous 
equations of the Langmuir form, we thus obtain, for the fraction, 0 ,, 
covered by adsorbed substrate molecules: 


kgiZa -J- r«Ro -j- 

Since the rate of reaction is proportional to , we see that it is adveraely 
affected by the inhibitor. The fraction of the surface covered in the unin 
Wbited ration system is given by equation (90). Denoting it by the symbol 
«, we obtam the foUowing ratio between the velocity of the free and the 
inhibited reaction: 


^ _ 1 a. 

+ Ptno ( 93 ) 


is iUustrated in Fig. 7 with reference to the classical work 
of von Euler and Svanberg* on the inhibitive action of mercuric dTriiim 
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the mvertaee-BUcroae system (n« — 1.70 X 10** molecules/cm.'). Fimn the 
gradient of the curve, we have: 

0 9 X 10* ^ » my « w ib»tT»t« 

(V-- tahibitor 

Taken in conjunction with the known heat effect already discussed, we 
find that 8500 cal. are given out during the formation of one mole of com* 



Fia. 7. Inhibiting •ffnot of mereurie chloride on the rate of the Bucroee-eeecharaM 
raaoUon. 

plex. That this is greater than the heat evolved during the formation of the 
ensyme-substrate complex is consistent with the greater stability of the 
inhibitor complex. 

By setting 9a/9g equatimi (93) equal to 2, we obtun the following 
expression for the concentration of inhibitor necessary to reduce the ve¬ 
locity of reaction to one half of the inhibited value: 


El - 




( 94 ) 
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Enzymes can often be vigorously heated in the presence of the products 
of reaction without loss in catalytic activity, though similar heating in the 
absence of these products leads to inactivation, or loss of activity. This 
well known protective action finds a ready explanation in terms of the ad¬ 
sorption theory. Inhibition by the products of reaction immediately results 
if the products are more strongly adsorbed than the reactants. This aspect 
of enzyme chemistry is one which Langmuir specifically considered in his 
fundamentally important paper.*® The differential rate equation is obtained 
by replacing the term rij by up in equation (92) and by noting that rip is 
proportional to nS — ris . The integrated expression shows that the time 
required for half completion increases linearly with resiK*ct to the initial 
concentration of substrate. There can be little doubt that the scmsation of 
satiety has its origin in the covering of enzyme surfaces progre.ssively with 
the course of reaction. 

In terms of the chain theory, inhibition may be due to the interruption of 
the reaction mechanism in the solution surrounding an enzyme, and nt?ed 
not be connected with the interfacial effect. 

3. Dependence of Reaction Velocity on Concentration of 

Hydrogen Ions 

The variation of the velocity with respect to pH in the case of two typical 
enzyme-catalyzed reactions is illustrated in Fig. 8, which has t)een plotted 
from the data of Michaelis and Davidsohn. I'he ordinate represcmts not 
the actual velocity, but the ratio of the actual velocity to the maximum 
value measured at the pH optimum. The occurrence of this optimum con¬ 
centration of hydrogen ion is one of the most characteristic features of 
enzyme reactions, differentiating them sharply from other cataly.ses in solu¬ 
tion. Experiment shows that the value of the pH optimum is to some extent 
dependent on the concentration and nature of both substrate and buffer 
(see Table XV). Reported differences in the optimum pH for the same 
enzyme derived from different sources, but investigated under identical 
conditions, may probably Ixj attributed to incomplete purification. 

A comparison of the data of Tables XII and XV shows that there is a 
parallelism between the pH of the isoelectric point and the pH of optimal 
catalytic activity. Though not identical, isoelectric pH and pH optimum 
seldom differ by more than 2, the difference l)eing negative in acid solutions 
and positive in alkaline solutions. These facts suggest that the most effective 
catalytic state of the enzyme is the uncharged state. This is the classical 
interpretation of Michaelis,” who showed, by means of mass action that 
the fraction of unionized ampholyte varies with respect to pH in the same 
way as the rate of reaction varies. In modem terminology, it may be said 

*•1. Langmuir, J, Amer, Chem, Soc. 88, 2221 (1916). 

^ L. Michaelis, Bioeken%, Z. 88, 182 (1911) 
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that the rate of reaction is approximately proportional to the fraction of the 
enzyme surface which is uncharged. This interesting conclusion is by no 



Fio. 8. Dei>endenre of rate of enzymatic reactiona on pH. 
TABLE XV 

()PTiM.\L pH or Certain Enzy.me-Substrate Systems 


Enzyme 

Substrate 

Optima] pH 

Pepsin 

Egg albumin 

1.5 

i« 

Casein 

1.8 

IC 

Hemoglobin 

2.2 

4« 

Gelatin 

2.2 

Yellow enzyme 

Proteins 

5.3 

a-Olucosidase 

a^Methylglucoside 

5.4 

If 

Maltose 

7.0 

Lactase 

Lactose 

5.7 

^'h-Fructosidase 

Sucrose 

5.7 

Amytase 

Starch 

6.2 

Zymase 

Glucose 

6.2 

Urease 

Urea 

6.6 

Trypsin 

Proteins 

7.8 


means an easy one to understand. If nature has made an enzyme in such a 
way that it can exist in many valence states, from a highly charged cation 
to a highly chaiged anion, why should its principal function, which is 
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catalysis, ultimately depend on the absence of electrical charge? The 
answer cannot be given until we have more precise knowledge than we now 
possess. Two aspects of the problem may be briefly discussed here. 

The primary effect of the charge on the enzyme is to orient all polar 
molecules within its reach so that they lie with their polar axes in radial 
directions, and as near as possible to the enzyme surface (Fig. 9). Most 
substrate molecules, though polar, are not as polar as water, or as compact. 
A charged enzyme, therefore, preferentially draws water molecules to its 
surface, and strives to arrange them in a radial pattern. If catalysis entails 
contact of the substrate with the naked enzyme, a high charge on the en¬ 
zyme is thus disadvantageous. When the enzyme is electrically neutral, 
the water molecules lying nearest the surface, though possibly still not as 
free as water molecules in the pure liquid, are more capable of free rotation, 
and thus can be more readily dislodged by the advancing substrate. 



Fia. 9. Orientation of a water molecule on an enzyme surface. 


Finally, a net charge of zero on an enzyme may result while its surface 
still holds positive and negative charges, such as H+ and OH“, or positive 
and negative groups, such as —COOH and —NH*, provided they are pres¬ 
ent in equal numbers. It may well be that the peculiarity of enzyme cataly¬ 
sis is the necessity for the simultaneous contact of a substrate m^liy^ i le 
on two sites of opposite polarity. The rate of reaction in that event is pro¬ 
portional to the product , where and $3 have the form ^ven by 
equations (69) and (70). It can readily be shown that this product has a 
maximum value at the isoelectric point. 

4. SchOtz Law 

It was discovered by Schfltz that, when the concentration of substrate 
is high compared with that of the enzyme, the amount, *, of substrate trans¬ 
formed in time t is proportional to the square root of the product of the 
time uid the concentration of enzyme: 

X - Hr - *Vni 


(04a) 
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There have been many attempts at deriving such an equation theoreti¬ 
cally.**- ** Its form, and the conditions under which it applies suggest that 
the governing process in this case is diffusion, and the proportionality oi 
tip to can be directly proved in terms of Einstein’s theory cA Brownian 
movement.* It can be shown that, using Einstein’s general argument, the 
average value of the square root of the square of the displacement in space 
is given by the equation: 

« - Vd? * (— tanh (95) 

\inir m ) 

where m is the mass of a spherical particle of radius r, moving at tempera¬ 
ture r, in a medium of viscosity ij. When only short times are considered, 
expansion of the hyperbolic tangent gives the classical result: 



For long time intervals, however, w-e obtain: 



The volume swept through by one enzyme molecule in time t is «r«*8, and the 
number of collisions made with substrate molecules is n«irr«*«. If each en¬ 
counter leads to chemical change, we obtain, for the total number of product 
molecules found in a volume, V, after time t: 

Nr * Vnr = n , naVTkTr * gt/n (98) 

There have been numerous other, but still incomplete, interpretations.^ 
5. Dependence of Reaction Velocity on Temperature 

The effect of temperature on reaction velocity is most conveniently 
given in terms of the apparent energy of activation, which is defined by 
means of the Arrhenius equation: 

m 

From the second form of this equation, it is seen that Eg may be evaluated 
by plotting the logarithm of the velocity constant as a function of the 
reciprocal of the absolute temperature. Elxperiment shows that enzymes re¬ 
duce the energy of activation of a chemical reaction to some value below 
that of the uncatalysed reactions, and thus fall in line with other catalysts. 

** 8. Arrhenius, Immunoohemie. Leipzig, 1007; J. H. Northrop, J. Gm. Phytiol, S, 
*1^1000); E. A. Moelwyn-Hughes, J. Paoe, and W. C. MoC. Lewis, tbtd. IS, 323 
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Engines, however, bring about a greater lowering in Ea than do inorganic 
catalysts (see Table XVI). 

As a rule, the apparent energy of activation decreases with an increase 
in temperature for enzyme reactions as for many other catalyzed and un¬ 
catalyzed reactions in aqueous solution. To determine the temperature 
coefficient of the energy of activation correctly, however, requires data of 
greater precision than are usually available. On account of the many fac¬ 
tors which can influence the velocity of enzyme reactions, its measurement 
is intrinsically difficult. Too much emphasis must, therefore, not be laid 
on the points of disparity which appear from an inspection of Table XVII. 


TABLE XVI 

Comparison of Enzymatic and Nonenzt.matic Catalyses* 


Reaction 

Catalyst 

Eai cal./mole 

Decomp, of hydrogen peroxide 

None 

18,000 


Colloidal platinum 

11,700 


Liver catalase 

5,500 

Hydrol. of ethyl butyrate 

Hydrogen ion 

16,800 


Hydroxyl ion 

10,200 


Pancreatic lipase 

4,500 

Hydrol. of casein 

Hydrogen ion 

20,600 


Trypsin-kinase 

14,400 


Trypsin (pure)* 

12,000 

Hydrol. of sucrose 

Hydrogen ion 

25,560 


Invertase 

8,700 


Yeast invertase' 

11,500 


Malt invertase 

13,000 

Hydrol. of benzoylglycine 

Hydrogen ion 

22,100 . 

Hydrol. of benzoyl-L-arginine 

Trypsin (pure) 

15,500 


• From E. A. Moelwyn-Hughes, Kinetics of Reactions in Solution. Ist ed., Oxford 
Univ. Press, London, 1933, p. 225. 

* J. A. V. Butler, J . Am. Chem. Soc. 86, 2971 (1941); H. Lineweaver, ibid.. 61, 403 
(1937). 

" I. W. Siser, Ezymologia 4, 215 (1938). 


On the whole, it is the striking parallelism with some of the simplest reac¬ 
tions of nonenzymatic systems which chiefly impresses one. To a first ap¬ 
proximation, the apparent energies of activation decrease linearly with 
respect to temperature, so that we may write: 

Ea ^ Eo -- FRT (100) 

where is the gas constant, and F an integer. According to the law of the 
distribution of energy, in the general form given by Berthoud, the fraction 
of the total number of molecules in a classical system which Dossess an 
energy exceeding E is: 


N 


.-Mrf {E/RTr^ , (E/RT)-* . . . 

Linnjr + •'• + * 


( 101 ) 



2. PHYSICAL CHSMISTRY AND CHSMICAL KINETICS OF ENZYMES 67 


where 2 s is the number of quadratic terms required uniquely to define 
the energy of a single mol^ule. If the rate of reaction is proportional to 
this fraction, an equation of the form of equation (100) ensues. F, or s — 1, 
stands for the number of internal oscillators, or pairs of quadratic terms, 
contributing to the energy of activation. In terms of Fischer's lock-and-key 
analogy, F may be regarded as a measure of the size of the key. If, as now 
appears probable, F is smaller for enzymatic catalysis than for nonen> 
Z3rmatic catalysis, we may conclude that the key used by the enzyme is 
smaller than that used by the inorganic catalyst. 

6. Dependence op Reaction Velocity on Chain Length 

When a single act of activation leads to the chemical conversion of many 
molecules, the reaction is said to proceed by a chain mechanism. The 
number of substrate molecules decomposed per unit activation is termed 


TABLE XVII 

Variation ok Apparent Energy op Activation with Respect 
TO Temperature 


Reaction 

Catalyst 

Eo, cal ./mole 

F 

Mutarotation of sugars 

None 

22,800 

10.3 db 6 

Hydrolysis of sucrose 

Hydrogen ion 

58,200 

47 ab 2 


Invertase 

39,500 

52* 


Invertase 

14,300 

9* 

Hydrolysis of urea 

Urease 

22,000 

20* 


Urease 

37,600 

49* 

• von Euler 


* pH 5.3. Nelson and Bloomfield 
‘ Van Slyke 
^ Poland 

the chain length. The chain may be propagated by a single activated mole¬ 
cule, distributing its excess energy to many substrate molecules, or, as more 
frequently happens, by generating a second active molecule, which, in 
turn, can generate a third. A chain mechanism is characterized, in thermal 
systems, by exothermicity, and, in photochemical systems, by a high 
quantum yield. In both systems, there is a general sensitivene^ss to surface 
conditions and a failure of the simple kinetic laws. There is considerable 
evidence to show that certain oxidative and reductive reactions, as 
catalyzed by enzyme.s, proceed by a chain mechanism. In terms of the 
chain theory, as advanced by Christiansen and Kramers and by Semenoff 
it is possible to interpret the low, and even the negative, values found for 
the Michaelis constant. In enzymatic catalysis, however, as in nonen- 
zymatic catalysis in solution, chain reactions, though interesting, are not 
prevalent,** 

•• F. Haber and R. WillsUtter, Ber. 64» 2844 (1231); E. A. MoeIwyn*Hughes, Ae(a 
Physicoehim. 503 (1035). 
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7. MoLEcnoLAR Statistics 

The comparison of the observed rate of an enqrme reaction with that 
predicted by some reasonable theoretical formula appears to have been 
first attempted in the sucrose - saccharase and hydrogen peroxide - catalase 
systems.*® In both cases, the concordance between experiment and theory 
was sufficient to justify the treatment, which has subsequently been found 
to apply equally well to catalysis by carbonic anhydrase,*^ cholinesterase,** 
and trypsin.** The simplest formulation of the theory is as follows. 

According to equation (2), the total number of collisions made per second 
between the enz 3 ane and substrate molecules in 1 cm.* is: 

Z * onu = imifigna k /=* ngnarl (102) 

Y 2inna V ffta 

This expression may be regarded as a special case of the formula: 

Z = n,na(r. + r,)* 4 /8irfcr(— + —) (103) 

Y \Tns mg/ 

which teduces to equation (102) when is much greater than Va, and when 
is much greater than ma . To obtain the fraction of these collisions which 
the substrate makes on the catalyticaily active portion of the surface, we 
must multiply by the fraction 0 , which is the ratio of the active surface to 
the total surface. Finally, in the case of simple activation, only the fraction 
^ ^ colliding pairs has the requisite energy. Hence, the theoreti¬ 
cal rate of reaction: 


But the bimolecular velocity coefficient (equation 83), under the condi¬ 
tions imagined, is defined by the equation: 


dna 

dt 


h%n^a • 


Hence, using equation (80), the bimolecular velocity coeflicient, in liters 
per mole sec<»id, is: 


*• J. B. S. Haldane, Proc. Roy, Soc. London BIOS, 600 (1031): E. A. Moelwyn- 
Hnghes, Trant, Faraday 8oe. 86 , 603 (1020). 

**F. J. W. Rooghton, Ergeb. Entymforoek. S, 206 (1034). 

" L. H. Eawon and E. Stedman, Proe, Roy. Soc. Lot^lon B181,142 (1080). 

** J. A. V. Botier, J. Am. Chm. Soe. 08, 2071 (1041). 
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Applied to the case of benzoylarginiiie (m« -> 27S/No), hydrolyzed by 
tiypsin (r« » 2.62 X 10~’ cm.), we obtain the theoretical formula: 

jfc, - tf X 11.4 X 10*® X Vr X 

Butler’s experimental results may be summarized in the form: 

kt - 9.2 X 10« xVfX 

where E is 15,000 cal. Hence the estimated value of 9 is 0.8. A slightly im¬ 
proved calculation, based on equation (101), leads to a lower value for the 
fraction of the total surface which is catalyticaUy effective. Of greater in¬ 
terest, however, than any immediate numerical agreement is the utility of 
the kinetic method for exploring the enzyme surface. 

IV. Structure and Stabilit 7 

Within the last 20 years, information has gradually been won concerning 
the thermal stability of enzymes, as measured by the activation energy re¬ 
quired for their destruction, and concerning the extent of hydration, as indi¬ 
cated by careful density determinations on the crystals and their solutions. 
Contemporaneously, new techniques in X-ray analysis of crystals have been 
increasingly applied to the problem of structure, with the result that the 
enzyme framework can now be seen by the mind’s eye, though as in a glass 
darkly. 


1. Htdbation 

By careful treatment at high temperatures, proteins may be obtained 
in an anhydrous state. Under ordinary conditions, however, they exist as 
hydrates, exerting, in the crystalline state, definite pressures of water 
vapor, like hydrates of inorganic salts. Density measurements afford a 
means of determining the extent of hydration, a convenient measure for 
which is the weight of water of hydration per gram anhydrous protein. 

Let us consider a system of specific volume, v, which contains a weight 
fraction, Xm , ci enzyme, or protein generally, a weight fraction, z«, of sub¬ 
strate, and a weij^t f^tion, , of water. Then 

V VmXa -f VaXa + V»Xm 

where , and are, respectively, the partial specific volumes of en¬ 

zyme, substrate, and water. Only experiment can decide whether these 
partial specific volumes are functions oi the composition ctf the solution. 
When we have only the protein in solution, Xa is zero; and we may denote 
Xa by X, without a subscript, and x« by 1 — x. Then: 

V — vax 4- i»»(l -• x) 

- a . - - vm)x 


(106) 
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This formula we shall now apply, first to a solution of a protein in water, 
and secondly to a hydrated protein crystal. 

If an aqueous solution of enzyme contains c grams of anhydrous enzyme 
per ml. solution, the weight fraction of enzyme is c/p = cv. Hence: 

V = V„ — (Vu — Va)cv 


or: 


v/v„ = [1 + »„(1 — r*p«)cl"‘ 

On converting into densities, and rearranging, we find: 

P = Pw + (1 — VuPb)c (107) 

For aqueous solutions containing up to 50 g. anhydrous protein in 100 ml. 
solution, a linear relationship has been established between p and c. The 
term in brackets is thus a constant: 


If = 1 - t'»P. (108) 

It has been called the density increment,*^- and has a value of 0.2527 in 
the case of hemoglobin. The value is independent of temperature and the 
presence of buffers, within the region examined. The density increment 
equation can be rewritten to give the specific volume of the protein: 

tijr = (1 — K)v„ 

In the present example, Vg becomes 0.7473 ml./g. Since the molecular 
weight, M, is 67,000 g., the molar volume is 50.07 liters, and the molecular 
volume is 8.26 X 10~*® ml. 

We next apply equation (106) to hydrated crystals, in order to obtain 
the ratio: 


_ weigh t fraction of water 

weight fraction of anhydrous protein 


( 200 ) 


Substituting the value for x given by equation (106), the hydration ratio 
can be expressed in terms of specific volumes or densities by the relations: 


^_f ^ V — Vg _ Pw(PM ~ p ) 

X — r pg{p — P,) 


( 110 ) 


The density, p, of the hydrated crystal is found by buoyancy experiments 
with small specimens in aqueous media, synthetically brought to the re¬ 
quired density by the addition of ammonium sulfate and sucrose. For 
hemoglobin in a phosphate buffer at pH 6, it is found that p » 1.225. 

*‘0. 8. Adair and M. E. Adair, Proc. Roy. 8oe. London A190, 341 (1947). nian 
4ffi (1936). See also C. N. Riiber and N. A. Sdrensen, Kgl. Norgke Videnokab. Solgkab* 
Skrifter 1 (1938). 
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With pu, » 0.998 and Pm = 1.332, we have a hydration ratio of 0.363. The 
molecular weight of the hydrated protein is thus 67,000 X 1.353 « 90.700 
g., and its molar volume is 90,700/1.225 « 74.0 liters, an increase of 48% 
over the molar volume of the anhydrous protein. 

Some interesting conclusions can be drawn from these results on the 
assumption that both anhydrous and hydrated molecules are spherical. 
For example, the increase in the radius, due to hydration, is 3.75 A, which 
lies near the layer thickness in ice (3.7 A). We note also that one protein 
molecule requires 23,700/18 = 1320 water molecules to hydrate it.*^ If 
all these merely cover the surface, without entering the protein .structure, 
the average area of the water molecule is 6.95 A^ on the protein surface, and 

TABLE XVIII 

Dimensions of Hemoglobin Molecule fro.\i Density D.\ta 


Measurement 

Anhydrous 

Hydrated 

Volume of protein molecule, 

X 10" cm.‘ ... 

8.26 


12.22 

Area of protein molecule, X 

10»*cm.»... 

9.17 


11.9 

Radius of protein molecule, 

X 10* cm. 

27.02 


30.77 

Difference between radius of 

hydrated and anhydrous 




molecules . 



3.75 


Thickness of layers in ice 



3.70 


Area, o, per water molecule. 

X 10’* cm.* 

6.95 


9.01 

X 10» cm. 


2.64 


3.00 

Distance apart of neighboring water molecules in liquid 




water, X lO* cm. 


2.68 




9.01 A* on the outside of the water layer. If the water molecules are ar¬ 
ranged in a plane cubic lattice, their average distance apart is \/6.95 = 
2.64 A, which is very near the average distance apart (2.(>8 A) of the centers 
of neighboring water molecules in ordinary water, as determineil from the 
density, using the Bernal and Fowler tetrahedral arrangement. It may be 
said, therefore, that the hydration of the protein considered takes place by 
the formation of a unimolecular layer of water molecules over the complete 
protein surface, and that these water molecules have spacings indicating a 
character intermediate between liquid water and ice (see Table XVIII). 

Many anhydrous proteins have densities, pb , of about 1.34 g./ml. The 
nearness of this figure to the density of solid urea (1.336) and its divergence 
from the density of crystalline glycine (1.75) suggest that the strong elec¬ 
trostatic forces at work in the “zwitterion” crystal do not play a prominent 
part in determining the structure of large protein molecules •• 

** Compare the value of IfiOO molecules, which, according to Northrop*8 diffusion 
data (Table III) are attached to one molecule of trypsin. 

J. Cohn, Ann. Rtv. Bioehem. 4 , 93 (1935). 
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2. Bound Water 

The precise state of the water molecules which hydrate an enzyme plays 
an important, and possibly even a determining, role concerning which the 
following considerations are pertinent. 

The energy of a molecule with moment of inertia, /, and dipole moment 
M. placed at a distance, a, from a charge, g, in a medium of dielectric con¬ 
stant, D, is: 


where fi is the angle at which the electrical dipole is inclined to the radial 
direction, about which motion is assumed to take place (Fig. 9). For small 
displacements from the equilibrium position, the vibration of the molecule 
is a simple harmonic motion, with frequency: 


0 





( 112 ) 


The general solution can be given in terms of elliptic functions. Of more 
immediate interest are the conditions governing the change of the motion 
from an oscillation to a free rotation. They are, for rotation: 

> 1 (113) 

2qn 

and for vibration: 


tPa* 

2gu 


< 1 


(113a) 


Giving the energy, e, its equipartition value of {\/2)kT, we obtain for the 
critical distance, a, which corresponds to the transition in motion, the 
expression: 


a 



(114) 


Thus the water molecule (m = 1.83 X 10“** e.s.u.) at 298.1®, under the 
influence of unit charge, alters its motion when: 


o 29 X 10“* cm. 

It has been assumed that D for the interaction of the ion and the dipole is 
unity. Though the assumption cannot be quite true, it is known that D 
must lie nearer unity than the value (ca. 80) for the solvent. In any event, 
it appears that the water molecules surrounding an enzyme are in a some¬ 
what delicately balanced electrostatic state, being not as free as ordinary 
water moleculee (w as clamped as those which hydrate elementary ions. 



2. PHYSICAL CHEMISTRY AND CHEMICAL KINETICS OP ENZYMES 73 

.3. X-Ray Evidence 

Enqrmes are known, from chemical analysis, to consist various amino 
acids, linked as polypeptide chains or as closed rings of the diketopiperazin 
type." Substituted glycines undergo both kinds of condensation: 

NHJICHCOOH + NHtR'CHCOOH -♦ NHtRCHCONHR'CHCOOH + H.O 

and: 

NHiRCHCOOH 

+ 

HOOCR'CHNH, 

Moreover, the numbers of the various amino acid residues obtainable from 
one molecule of enzyme stand in integral ratios to one another. The yellow 
enz 3 nme, for example, contains the following amino acids in the relative 
proportions given by the figures in brackets: histidine (3), tryptophan (4), 
phenylalanine (6), tyrosine (8), glutamic acid (8), arginine (8), and lysine 
(16). Similar analyses are available for other proteins.** It seems plausible, 
therefore, to regard the yellow enzyme as built up of four equal portions, 
each of which contains at least 1 molecule of tryptophan, 2 of tyrosine, 
glutamic acid, and arginine, and 4 of lysine. Between these four portions 
there can be three layers, each layer containing at least 1 molecule of 
histidine and 2 molecules of phenylalanine. On this supposition, the enzyme 
has the form of a multiple sandwich, wrhich is the configuration of the egg 
albumin molecule predicted by Astbury and recently established for other 
proteins by X-ray analysis.** Myoglobin (A/ = 17,000) is thought** to 
consist of parallel polypeptide chains i 3 ring in a layer the thickness of which 
is about 10 A, and the area of one of the “flat” surfaces of which is about 
2000 A*. If the disc were circular, its radius would be 26.5 A. In appearance, 
it must resemble a veiy fat coin. The X-ray analysis of the hemoglobin 
molecule reveals it as of roughly cylindrical shape, the radius being 28.5 A, 
and the height 34 A. The height is due to four layers each of rather less than 
9 A in thickness (Fig. 10). The hemoglobin molecule is thus probably formed 
by the union of four myoglobin molecules which, on the whole, retain their 
shape. Insulin (Af » 12,000) is known to polymerise reversibly into a pro¬ 
tein of molecular weight 48,000. 

** W. T. Astbury, NtUurt, 1S7,803 (1936); and in Bamann-Myrbilck, Methoden der 
Farmentforaohung. Vol. 1, Thieme, Leiptig, 1941, p. 498. 

•* T. W. J. Taylor, Ann. Rtpl*. /Voyress Ck«m. Soc. London, 84, 302 (1937). 

•• M. P. Peruts, Proc. Roy. Soc. London A196, 474 (1949); J. C.Kendrew and M. 
F. Peruts, ibid. AIM, 378 (1948). 

** J. C. Kendrew, Acta CrysiA. 336 (1948). 


RiCH 

/ \ 
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\ / 
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+ 2H,0 
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These findings, while being of the highest importance to enzyme chemis¬ 
try, are insufficient to form the basis of generalizations. It would certainly 
be unscientific to conclude that every enzyme, or even a given enzyme under 
all conditions, has a cylindrical shape, or that all proteins are built up of a 
common unit. 

4. Inactivation 

What little knowledge there is concerning the thermal stability of en¬ 
zymes has accrued from the kinetic study of their inactivation, which is a 
relatively slow, and sometimes reversible, transformation suffered by them 
in solutions at high temperatures. In its response to changes in pH, and in 


34 A 


Fig. 10. Structure of the hemoglobin molecule. 

many other features, inactivation resembles denaturation. Generally, the 
velocity of inactivation is unimolecular: 

- - kn. (115) 

but examples are known of fractional kinetic orders, such as: 

dfig , 1/2 . 

- -31 =kn. (116) 

Aa for so many other chemical changes in solution, hydrogen and hydroxyl 
ions act as catalysts. The unimolecular constant for the inactivation of 
trypsin kinase in a solution containing 24% glycerol at 50° is found to be 
given by the relation: 

A: - 4.5 X 10-‘ + 1.5 [H+J + 0.4 (OHi 
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which corresponds to an optimum stability at pH 6.9, Occasionally, the pH 
corresponding to optimum stability is identical with the pH of optimum 
catalytic effect. For pepsin, however, the former is 4 and the latter 2. The 
rate of inactivation in neutral solution can be neglected in the case of pepsin. 
We are then left with two catalytic coefficients, which indicate great sen¬ 
sitivity toward hydroxyl ion concentration. The unimolecular velocity co- 
efiBcient for the catalyzed inactivation has been given as: 

A: = kn [ H ^] + fcoH[OH“J‘ 

where z has been ascribed the values^* 3, 4, and 5. As Steinhardt points out, 
it appears that inactivation is suffered chiefly by the z-valent pepsinate ion. 

In view of the difficulties attending the problem, only approximate values 
can be found for the apparent energy of inactivation. They are summarized 
in Table XIX. There can be little doubt that these Ea values, when meas¬ 
ured with greater precision, will be found in general to decrease with rise 
in temperature. The most that can be said at present is that an equation 
of the very approximate form: 

Ea = 80,000 - i2RT (117) 

fits many of the data. The order of magnitude of the energy required to 
deprive an enzyme of its catalytic power is thus 80 kcal. How this energy is 
expended is not yet known. Its magnitude is not inconsistent with the view 
that a single, firm covalent bond is broken. On the whole, however, the 
evidence suggests that a distribution of the energy among a number of 
weaker bonds is more probable. Thus two peptide links {Ea = 22,100) may 
have to be broken simultaneously, or ten hydrogen bridges {Ea = 5000) 
of the kind formed between two carboxylic acids, or a still greater number 
of the weak bonds holding together specially oriented water molecules. 

The kinetics of the inactivation of trypsin by X-rays has been investi¬ 
gated experimentally and theoretically.^* 

5. Molecular Statistics 

Attempts have been made, despite the complexity of the problem, to 
formulate theoretically expressions for the extent and rate of enzymatic 
inactivation,*** We shall consider here certain simple mechanisms which 
may well form part of the whole process. 

E. Ege, Z. phyziol. chem. 148, 159 (1925); L. Michaelis and K. Rothsteiii, Bio- 
ch$m. Z. 106, 60 (1920); J. Steinhardt, The Stability of Crystalline Pepsin.Levin and 
Munksgaard, Copenhagen, 1937. 

^ G. L. Clark and J. H. Northrop, J. Oen. PkyoioL 0, 87 (1925). 

^*H. Eyring and A. E. Steam, Ckem. Rev. 84, 253 (1939); A. E. Steam, Erg^, 
Entymfore. 7, 1 (1938); S. Olasstone, K. J, Laidler, and H. Eyring, The Theory of 
Rate Processes. McGraw>Hill, New York, 1941. In deriving equation 125,1 have used 
the method of the imaginary frequency (E. A. Moelwyn-Hughes, Physical Chem¬ 
istry. 3rd. revision, Cambridge Univ, Press, London, 1950, p. 566). 
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If an eniyme molecule is a cylinder, denoted by the qrmbol P», one mod* 
of breakdown is obviously a splitting into two smaller cylinders, which we 
may denote by Pi and Pi: 

Pi ?=» Pi + Pf 

To calculate the equilibrium constant: 


K = 


niWi 

n» 


we note that the molecular partition function of a regular cylinder of mass 
m, of length L, and of radius R may be taken as: 


. _ e »rIJcT 

^ h*n h ah* 


(118) 


where /« is the moment of inertia for rotation about the cylindrical axis, 
and /»the moment of inertia about a diameter parallel to the base and 
passing through the center of gravity. By taking the mass of the molecule 
to be evenly distributed, we find that: 




imB* 


and: 




(119) 


( 120 ) 


The long cylinder, Pt, may be thought of as the two short cylinders bound 
by three doubly degenerate vibrators, which enable it to execute a kind of 
concertina motion. By familiar methods, taking v as 2, it is then found that 

^ _ i2TkT)* 

^ h* \ m ) \ h ). 

(1 - e"*''**) (121) 

Provided the breakdown does not involve a change in hydration, we can 
simplify this expression, since, under these conditions: 

m* = mi + m, and 

Hence, by taking the binding frequencies as firm, we have: 


IT _ ^ [^*RkT ftnimtXX ,/Li Lt\ 




where: 


J{Lx/R,U/R) 


(1 + l!/3B*)(1 + L\m*) 

{1 + {Lx + Lt)'m 


( 122 ) 


(128) 
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This function, when the breakdown is into two halves (Li = L 2 ), amounts 
to 0.84 in the case of hemoglobin. Using Adair’s value of the molecular 
weight and Perutz’s values of L and /2, it is found that the standard entropy 
change is: 

AS® * 100.3 cal./mole degree 

at 298.1^. From the magnitude of AS®, there is much to differentiate the 
union of two proteins from other dimerizations in solution. 

A simpler mechanism can be suggested as the first stage in the breakup 
of an enzyme, namely, the gaining of one degree of internal rotation about 

TABLE XIX 

Apparent Critical Energies of Inactivation 


kcal. 

Enzyme mole 


Insulin. 36 

Trypsin. 41 

Trypsin-kinase. 42 

Enterokinase. 43 

Amylase (malt). 43 

Catalase (mussel). 45 

Lipase (pancreatic). 46 

Saccharase. 60 

Pepsin. 61 

(Jozymase. 70 


the cylindrical axis. The ratio of the equilibrium concentrations of mole¬ 
cules possessing such an internal rotation and those not possessing it is then 
given, in the simplest case imaginable, by the expression: 


l2ir(2ir/a.zfcT)^'Vhl(l - 

{2ickT)*'* 








(124) 


where v is the frequency of the rapid oscillation executed betw'een the two 
parts of the molecule in its rigid state, and v* the slow oscillation frequency 
between them when they are capable of independent rotation a^ut a 
common axis. Considering the uncoiling to be midway along the length 
of the molecule, the expression simplifies to: 

^ _ wKkn^wmkT)^ -LukT 

wm »• * * 
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The unimolecular constant for such an isomerization is obtained by multi¬ 
plying by V*, that is: 

Kni = ^ 25 ) 

fv 

Applied to the case of pepsin, the pre-exponential term becomes 10'^ 8ec.~*. 
From the experimental value of k^ni at 50®, this formula leads us to expect 
an energy of activation of 32,000 cals, for the inactivation process. (See 
Table XIX.) 
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I. Introduction 

History, Definition, Classification 

In 1837, Berzelius recognized that alcoholic fermentation is an enzy¬ 
matic process. The process is catalyzed by the enzymes of yeast which 
were later collectively called zymase. This conception was progressively 
adopted for other enzymes and enzymatic processes as well. At the present 
time, the idea that enzymes are the catalysts of definite enzymatic reac¬ 
tions is generally accepted; it constitutes the basic fact in enz 3 rme 
chemistry. 

In their catalytic role, enzymes are distinguished in a veiy characteris¬ 
tic manner from other, less complex catalysts, especially those of inor¬ 
ganic nature. Hydrogen ions catalyze the hydrolysis of esters, acetals, 
acid amides, and so on. Many unsaturated compounds can be hydro¬ 
genated with a platinum catalyst. The rate of the reaction depends upon 
the conditions of the reaction and the properties of the unsaturated com¬ 
pounds, but less intimately upon the catalyst itself and particularly upon 
its gross chemical composition. 

* Translated by Erioh Hirsohberg, MoArdle Memorial Laboratory, The University 
of Wisconsin, Ma^on, Wisconsin. 
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In contrast, enzsrme catalysts are not only limited to a special reactimi 
which is generally characterized by a simple inorganic reactant, such as 
hydrogen in hydrogenation, water in hydrolysis, oxygen in peroxide de¬ 
composition, phosphoric acid in phosphorolysis. EDZ 3 rmes as catalysts of 
enzymatic reactions are tied to a much larger extent to the organic re-, 
actant, to a specific class of organic compounds, or even to a particular 
orpanic molecule. They are specific catalysts of specific reactions; they at¬ 
tack specific organic compounds and the latter are the specific substrates of 
the particular enzsrme. Carbohydrases hydrolyze only the acetal-t 3 rpe bond 
of glycosides, oligosaccharides, and polysaccharides, but not ester linkages 
or the peptide bonds in proteins. Moreover, a particular carbohydrase is 
capable of catalyzing the hydrolysis of only a small group of glycosides, 
oligosaccharides, or polysaccharides or even of a single compound of this 
type. 

This limitation of enzyme catalysts to a specific reaction, a simple in¬ 
organic reactant and a definite group of (usually) organic substances or 
even a single such substance is called enzyme specificity. 

The degree of specificity varies greatly with the different classes of 
enzymes and with the individual enzymes. Lipases, for example, usually 
can hydrolyze not only fats but also simpler esters of carboxylic acids that 
differ in their alcohol component as well as in their acid component. The 
reaction rate may differ greatly for different substrates. In contrast to 
this low specificity of many lipases and other esterases, a particular carbo¬ 
hydrase usually hydrolyzes only specific glycosidic derivatives of a single 
sugar. This enzyme specificity towards certain substrates was recognized 
a long time ago in a few striking instances. Pasteur observed in 1858 that 
D-tartaric acid is more rapidly “fermented,” i.e., used up by molds than 
the L-form. According to Emil Fischer,' only three of the sixteen possible 
aldohexoses, n-glucose, n-mannose, and sometimes n-galactose, are con¬ 
verted to alcohol and carbon dioxide in alcoholic fermentation by yeast; 
the other aldohexoses, especially the optical antipodes, are not attacked. 
This specificity in alcoholic fermentation by yeast enzymes appears to be 
due to the fact “that the yeast cells with their asymmetric agent can at¬ 
tack only those carbohydrates the geometry of which is not too different 
from that of n-glucose.”* Sweet almond emulsin splits principally /}-d- 
glucopyranosides, without attacking the a-form or the stereoisomeric an¬ 
tipodal derivatives of L-glucose. “The reason for these facts most probably 
lies in the ato^mmetric structure of the enz 3 mie molecule” (Elmil Fischer'). 

A very clear and convincing comparison bearing on enzyme specificity 
was formulated by Fischer in 1894: “To use a comparison, I should lilw 

' E. Fischer, Z. phyiioL Chem. 96,60 (1898). 

* E. Fischer and H. Thierfelder, Ber. 27, (1894). 
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to say that enzyme and glucoside must fit each other like the key and the 
lock in order to be able to react with each other.”' The concept expressed 
by this statement has now been extended to almost all fermen^tions and 
other enzymatic processes. It constitutes the conscious or unconscious 
basis for many investigations on enz 3 rme action. It is still most fertile and 
it probably approaches the correct explanation of enz 3 Tne specificity. 

Enzjrme specificity may be classified according to the various reactants. 
Reaction specificity is the term employed when the general reaction, i.e., 
the simple, usually inorganic reactant such as water, phosphoric acid, 
hydrogen, oxygen, and so on, is considered. The dependence of the enzyme 
reaction upon the other, usually organic reactant, i.e., the enzyme sub¬ 
strate, is called substrate specificity. 

If a particular enzyme affects only one substance or a group of related 
substances in a reaction, without having any measurable effect on others, 
we speak of absolute specificity. As far as we know at the present time, 
the reaction specificity with few exceptions is absolute. 

If, on the other hand, an enzyme acts on various but usually related 
compounds and if these compounds are attacked by the enzyme at varying 
speeds, relative specificity is said to be involved. 

In some instances, this relative specificity may be transformed into an 
absolute one, at least for practical purposes. It has been observed, for 
example, that several members of a homologous series are attacked by an 
enzyme at a rate that decreases with increasing molecular weight. One of 
the higher members is bound to be the first that is no longer affected by 
the enzyme to a measurable extent: relative specificity has changed to 
absolute. The boundary between absolute and relative specificity in this 
instance depends upon the sensitivity of the analytical test of the enzyme 
reaction and is therefore somewhat arbitrary. A different chemical ccnnpon- 
tion of the substrates, a different molecular weight of polymers, a different 
structure of isomers, and a different stereochemistry may be conditions 
determining absolute or relative substrate specificity. If stereochemi¬ 
cal specificity involves diastereoisomers as the two different substrates, 
there is no fundamental difference from structural isomerism since dia¬ 
stereoisomers react more or less differently with every different substance. 
This point is often overlooked and should be emphasized. In contrast, the 
absolute or relative specificity toward optical antipodes (true stereochemi¬ 
cal specificity) is a q)ecial case of great importance. 

Sometimes specificity in enzyme chemistry may also be considered from 
a different point of view. It is often foimd that enzymes of different origin, 
for example, from different organs cff the same animal or from different 
q)eoie8, while catalyzing the same reaction of the same substrate (iso- 

*E. Fiseher, fier. ST. 2985 (1894). 
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dynamic eniymes), do so at very different rates, i.e., with a different rel¬ 
ative specificity. The terms organ specificity and species specificity are 
then employed. 

In principle, it is quite conceivable that isodynamic enz 3 Tnes exhibit 
not only relative but also absolute specificity. While a few substrates may 
perhaps be attacked by two isodynamic enzymes of different origin, others 
may be susceptible to only one of the two enzymes. 

Any treatment of an enzyme may, under certain conditions, change the 
relative specificity of the enz 3 rme toward various substrates. This shift 
may go so far that the relative specificity actually becomes absolute to¬ 
wards some substrates which were attacked by the enzyme prior to the 
treatment. 


n. Typical Examples of Specificity 
1. Reaction Specificity 

Hydrolysis and the reverse process of condensation may be catalyzed 
by hydrogen ions in almost all instances, but at different rates. In prin¬ 
ciple it does not matter whether esters, acetals, glycosides, or peptides 
are being hydrolyzed (or synthesized). On the other hand, certain enzymes 
are capable of catalyzing only one of these reactions. Esterases and lipases 
can split only esters or fats, without hydrolyzing glycosides or peptides. 
Carbohydrases act specifically on glycosides, oligosaccharides and poly¬ 
saccharides and cannot attack ester or peptide bonds in fats or proteins. 
Proteins are split only by proteolytic enzymes, not by the other hydrolases. 

“Oxidative enzymes” catalyze hydrogen transfer but are without hy¬ 
drolytic activity. Catalases cleave hydrogen peroxide into oxygen and 
water but catalyze no other reactions. In all these instances, the particular 
enzyme, especially if it has been isolated and obtained pure, is limited in 
its action (with very rare exceptions) to one type of reaction to the ex¬ 
clusion of other types. It exhibits an absolute reaction specificity in regard 
to the type of reaction. Even enzyme preparations which are still far from 
pure often catalyze only one type of reaction and are devoid of enzymes 
having a different reaction specificity. 

Reaction specificity may be further subdivided. Some enzymes catalyze 
the hydrolysis of carboxylic acid esters; others, the phosphatases, attack 
only esters of phosphoric acid; still others, the sulfatases, deal with esters 
of sulfuric acid, and so on. 

Only very few exceptions to this absolute reaction specificity have been 
observed. However, there have been instances of an overlapping with other 
reactions of a similar type. Crystalline trypsin and crystalline chymotrypsin 
not only fulfill their main ta^, the hydrolyds of peptide.bonds, but can 
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also split and synthesize simple esters of acetylated a-amino acids/ It 
has been shovm that this is a true specific enzyme action. Crystalline 
chymotrypsin hydrolyzes tryptophan methyl ester into methanol and free 
tryptophan. When the enzjnne is allowed to act on the racemic ester, it 
hydrolyzes only the derivative of L-tryptophan, leaving the n-ester im- 
changed.‘ 

2. Substrate Spbcificitt 

The boundary between reaction and substrate specificity is somewhat 
arbitrary. The more specifically an enzyme is limited in its action to a 
particular class of organic compounds or to a single substance, the more 
appropriately we speak of substrate specificity. The real significance of this 
term lies in the most intimate dependence of the action of an enzsmae upon 
the particular molecule or part of the molecule of its substrates. 

The following section presents typical examples of this substrate specific¬ 
ity: a) toward optical antipodes; and b) toward diastereoisomers, other 
isomers, and substances of different composition. The examples are taken 
from various classes of enzymes, in the order in which the enz)rmes appear 
in the special part of this book. 

o. Typical Examplea of Substrate Specificity Unvard Optical Antipodes. 

Stereochemical Enzyme Specificity in the True Sense 

A separate treatment of substrate specificity toward optical antipodes is 
justified in view of its importance for enzyme chemistry. Optical antipodes 
show entirely the same behavior toward physical agents and chemicals 
which are not asymmetric. There are no qualitative or quantitative differ¬ 
ences, no differences in the type or rate of reaction between the n- and the 
L-form if the reaction involves any non-asymmetric reactant or if it is 
catalyzed by a non-asymmetric catalyst. 

When enzymes are the catalysts, the situation in all known instances is 
fundamentally different. 

The first observation of a stereochemical enzyme specificity was made 
by Daldn* on esterases exposed to optical antipodes. If the hydrolysis of 
racemic D,L-mandeiic acid ester by pig liver esterase is interrupted before 
the reaction has gone to completion, the mandelic acid which has been 
liberated is dextrorotatory. Under the conditions of the experiment, the 
D-ester is hydrolyzed more rapidly than the u-ester. This result is not pos¬ 
sible when hydrogen ions are the catalyst. 

* G. W. Sohwert, H. Neurath, S. Kaufmann, and J. E. Snoke, J. Biol. Chem. ITS, 
221 (1948). 

8. Kaufmann, G. W. Schwert, and H. Neurath, Arch. Biochem. 17,203 (1948). 

* M. Brunner, £. Sailer, and V. Kahn, Helv. Chim. Acta 81,1908 (1948). 

* H. D. Dakin, J. Physiol. (London) 80,253 (1904). 
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Later experiments demonstrated that the reaction is much more compli¬ 
cated than it appeared at first glance. Pig pancreatic lipase hydrolyaes 
L-mandelic acid ester more rapidly than the D-ester when the esters are 
studied separately or in a racemic mixture.^ In contrast to this enzyme, pig 
liver esterase exhibits a very unusual behavior.^'* It splits the L-ester more 
rapidly than the D-ester if these substrates are investigated in separate 
solutions. If, however, the racemic mixture of the two esters is offered to 
the enzyme, the D-ester is more rapidly hydrolyzed than the L-ester, as 
mentioned above. The explanation for this unexpected behavior is given in 
the special part of this book. It involves a different affinity of this enzyme 
for the two esters together with a different decomposition rate of the two 
enzyme-substrate compounds.® This stereochemical selection by the enz3rme 
of one of the two optical antipodes is influenced by the addition of several 
other substances, especially as5rmmetric ones,^® by different substrate 
concentrations” and even by a different treatment of the enzyme prepara¬ 
tions themselves.^® Such additions or changes may even cause the preference 
to be reversed. 

The stereochemical specificity of esterases towards optical antipodes is 
generally only relative, although the difference in the rate of hydrolysis may 
be considerable. Only a few specific esterases exhibit absolute specificity 
toward optical antipodes, e.g., a cholinesterase in its action on acetyl-iS- 
methylcholine chloride.” 

H,CCOOCH(CH,)CHrN(CH,),-Cl 

The racemic D,L-compound as well as the D-ester alone are hydrolyzed by 
this enzyme, but the L-ester is not. 

It has been established that the relative stereochemical specificity of 
esterases towards optical antipodes in a homologous series of closely re¬ 
lated compounds is not dependent on the direction of optical rotation.” 
In a study of the esters of secondary active alcohols, the preferred esters all 
belonged to one stereochemical series. 

The usual low, i.e., relative, specificity of esterases was encountered with 
esters of a^srmmetric acids and symmetrical alcohols as well as with esters 
of optically active alcohols with inactive acids. 

^ R. Willst&tter and F. Memmen, Z. physiol, Chem. 138, 216 (1924). 

* R. Willst&tter, R. Kuhn, and E. Bamann, Ber, 61, 886 (19%). 

* P. Rona and R. Ammon, Ergeb, Enzymforach. 2, 50 (19%). 

Bamann and P. Laeverenz, Ber, 63, 394 (1930); Z, physiol, Chem, 193, 201 

(1930). 

R. Ammon and H. Fischgold, Biochem, Z, 234, 54 (1931). 

E. Bamann, Ber. 62, 1538 (1929). 

>*£. Bamann and P. Laeverenz, Ber, 63, 2939 (1930). 

»• D. Click, /. Biol, Chem, 126,729 (1938). 

P. A. Levene and R. E. Marker, J, Biol. Chem. 97, 379 (1932). 

P. Rona and E. Chain, Biochem. Z. 268,480 (1933). 
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Stereochemical specificity plays an important role in the field of the 
carbohydrases. In all known cases, specificity is absolute when two isomeric 
substrates are derivatives of two enantiomorphic sugars. Glucosides of 
L-glucose are not split by enzymes which act on the corresponding gluco¬ 
sides of D-glucose.** Phenol-/3-D-xylo8ide, but not the optical antipode 
derived from L-xylose, is hydrolyzed by sweet almond emulsin.“ Similarly, 
phenol-L-arabinosides, but not the corresponding n-arabinosides, are split 
by enzymes of almond emulsin.” 

With proteins, polypeptides, and oligopeptides, the peptide bonds of 
the amino acids belonging to the natural or L-series are usually hydrolyzed 
preferentially or exclusively. Crystalline chymotrypsin splits carbobenzoxy- 
li-tyrosylglycinamide, but not the corresponding derivative of n-tyrosine. 

C.HiOH 

CII, 

C,H.CH,OCONHCHCO—NHCHiCONH, 
Carbobenzoxy-L-tyrosylglycinamide 

In this iristance, even the racemic derivative of D,L-tyrosine is not hydro¬ 
lyzed, probably because the affinity between the stereoisomers is greater 
than the affinity of the enzyme for the L-form.^* Papain-HCN catalyzes 
the synthesis of benzoylleucinanilide from benzoylleucine and aniline only 
when L-leucine is involved.^* 


C,Ht 

CH, 

C.H5CONHCHCOOH 4- HNHC.Hs 
Benzoylleucine Aniline 

D-Amino acid oxidase oxidizes only D-amino acids, i.e., the antipodes of 
the natural amino acids and not the members of the natural L-series.*® 
Enzyme specificity is absolute in this instance. Aceiobacter siiboxydans 
oxydizes only D-arabitol to D-xylulose but does not attack L-arabitol.*' 

Liver histidase decomposes only L-histidine, the natural amino acid, not 
the D-form.** 

Concerning the enzymes of alcoholic fermentation (desmolases), the 
oldest and most important example has already been mentioned. L-Glucose, 

E. Fischer, Ber, 28,1152 (1895); Z, physiol. Chem. 26,60 (1898). 

B. Helferich, E. Gttnther, and W. W. Pigman, Ber. 72, 1953 (1939). 

B. Helferich, H. Appel, and II. Gootz, Z. physiol. Chem. 216,277 (1933). 

M. Bergmann and J. S. Fruton, J. Biol. Chem. 124, 321 (1938). 

M. Berg^mann and J. S. Fruton, Advances in Enzymol. 1,63 (1941); J. Biol. Chem. 
188, 703 (1940). 

K. Felix and K. Zorn, Z. physiol. Chem. 258,16 (1939). 

“ R. M. Hann, E. B. Tilden, and C. S. Hudson, J. Am. Chem. Soc. 60,1201 (1938). 

** S. Edlbaoher and J. Kraua, Z. physiol. Chem. 191,240 (1930). 
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ir-mannose, L-fructose, and L-galactose are not fermented by yeast enzymes*; 
only the D-form of these sugars is used. Here too specificity is absolute. 

6. Typical Examples of Substraie Specificity toward DiastereoisomerSy Other 
Isomersy a^vd Substances of Different Composition 

In this section, typical examples of substrate specificity toward all the 
substances mentioned above are presented, since all these substances react 
differently towards different chemical reagents even when the difference 
is only a structural or diastereoisomeric one. The separation between struc¬ 
tural isomers and diastereoisomers is not fundamental, as has been pointed 
out. 

(1) Esterases. Many esterases are characterized by a low, merely relative 
specificity. They usually hydrolyze a whole series of esters of different 
carboxylic acids with different alcohols, even with polyhydroxy compounds 
such as glycerol, i.e., fats. This relative specificity permits the determination 
of lipases on the basis of their influence on the hydrolysis of simple esters 
like ethylbutyrate. The rate of enzymatic hydrolysis may vary greatly. 
Under favorable conditions, the splitting of benzylstearate by pancreatic 
lipase is almost quantitative in less than an hour, while n-propylstearate 
under the same conditions is hydrolyzed only to 80% in 14 hours.** But 
there are also esterases capable of splitting only a few closely related esters; 
an example is cholinesterase, which hydrolyzes acetylcholine and a few 
other acylcholines to free choline and acid.*^ This high specificity has been 
questioned in the case of several cholinesterases.*^ ** The rate of hydrolysis 
increases with the number of carbon atoms in the acid from two (acetyl-) 
to four (butyryl-) although the saponifiability by alkali decreases with an 
increase in the number of carbon atoms.^* 

Chlorophyllase can split only esters of pigments having a phorbide struc¬ 
ture, e.g., chlorophyll a or chlorophyll b.** 

Phosphatases with a strictly absolute reaction specificity toward the 
phosphoric acid esters exhibit only relative specificity toward the esters of 
various alcohols or phenols. The velocity of hydrolysis of the various esters 
may vary a great deal. The boundary between phosphomonoesterases and 
phosphodiesterases appears to be very sharp. The former hydrolyze only 
monoesters, the latter only diesters of phosphoric acid. The specificity of 
these two groups of phosphatases toward the tw<i types of phosphoric acid 
esters is absolute. 

Special esterases with a rather high specificity are known, the substrates 
of which may be changed only in a few details without abolishing the ac- 

** A. K. Balls and M. B. Matlack, J. Biol. Chem. 123,679 (193S). 

L. H. Easson and E. Stedman, Biochem. J. 81, 1723 (1937). 

•• E. A. Zeller and D. C. Uts, Helo. Chim. Acta 82,338 (1949). 

^ H. Fischer and R. Lambrecht, Z, physiol, Chem. 208« 253 (1038), 
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tivity of the enzyme. Tannase, an enzyme splitting tannins or depsides, 
requires two free phenolic hydroxyl groups on the benzene ring that carries 
the carboxyl group; moreover, none of the hydroxyl groups may be in the 
ortho position to the carboxyl group.^^ 

(2) Carbohydrases. The specificity of carbohydrases has been investigated 
and discussed intensively for many years.^ These studies have been greatly 
complicated by the fact that, with the exception of the crystalline amylases 
prepared recently,*® no carbohydrases have been isolated in pure form until 
the present time. Therefore, it is difficult to ascertain whether a single 
carbohydrase or a mixture of enzymes is being employed. 

The best example of a rather highly purified carbohydrase, the specificity 
of which has been extensively studied, is /3-D-glucopyranosidase from sweet 
almonds, one of the oldest known enzymes. It is the main constituent of 
sweet almond emulsin, a mixture of various carbohydrases. It catalyzes the 
saponification of amygdalin and of i^-D-glucopyranosides; the general for¬ 
mula of these sugars is as follows: 


H OH 



6C-O 


CH,OH 

Studies on the specificity of this enzyme are aided by the fact that several 
methods are available for the synthesis of /S-D-glucopyranosides and for 
clearly definable changes of the molecule in the carbohydrate portion. 

A change in the aglucone (R in the formula) is almost always connected 
with no more than a change in the rate of hydrolysis; i.e., in the relative 
specificity of the enzyme toward almost all jS-n-glucopyranosides.*® Opinions 
to the contrary are not sufficiently convincing.*^ Changes in the carbo¬ 
hydrate portion exert a much more pronounced influence upon the specific¬ 
ity of the enzyme and will be discussed first. 

If the structure is changed, e.g. to the furanoside ring, the enzyme is 

” J. B. Sumner and G. F. Somers, Chemistry and Methods of Enzymes. Academic 
Press, New York, 1947, p. 86. 

« A. Gottschalk, Nature 160, 113 (1947). 

W. W. Pigman and R. M. Goepp, Jr., Chemistry of the Carbohydrates. Academic 

*• k. H. Meyer, E. H. Fischer, and P. Bernfeld, Helv. Chim. Acta SO, 64 (1947). 

B. Helferich, Ergeb. Enzymforsch. 7, 85 (1938). 

B. Helferich, Ergeb» Enzymfaraeh. 9 » 80 (1943). 
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unable to act. Neither methyl-/3-o-glucofuranoffldes nor the a-derivativee 
are hydrolyzed by sweet almond emulsin,** although acids split gluco- 
furanosides more rapidly than glucopyranosides. The “ring specificity” of 
this enzyme, as of all carbchydrases, is absolute. 

The influence of changes in configuration of a single or several centers of 
asymmetry were also investigated. Experimental results are available in 
the following instances (the numbers in brackets indicate the carbon atom 
at which the configuration has been changed in comparison to the above 
formula of the D-glucopyranoside ring): 

Methyl-a-D-glucopyranoside [1]* 
Methyl-a-L-glucopyranoside [2, 3, 4, 5]* 
Methyl'/S-n-glucopyranoside [1, 2, 3, 4, 5]‘ 
Phenol-oi-D-galactoside* [1, 4]“ 
Phenol-a-D-mannopyranoside* [1, 2]** 
Phenol-i3-D-mannopyranoside [2]” 
Methyl-a-n-gulopjnranoside [1, 3, 4]*‘ 
Methyl-/3-D-gulopyranoside [3, 4]” 
Phenol-a-D-talopyranoside [1, 2, 4]** 

* These substrates are also hydrolyzed by sweet almond emulsin; this action, 
however, is not carried out by the /3-D-glucopyranosidase but rather by another 
enzyme. 

The 16 stereoisomeric aldohexoses yield 32 stereoisomeric glycopyrano- 
sides. One series of these, jS-D-galactopyranosides, will be discussed below. 
Of the remaining 30 pyranosides which are isomeric with /S-D-glucopyrano- 
side, 9 have been tested with sweet almond /9-D-glucosidase and failed to 
be hydrolyzed. The specificity of this enzyme is absolute toward changes 
in configuration in the carbohydrate portion of the glucoside; this is prob¬ 
ably true of all cases including those not yet investigated. The only excep¬ 
tions, probably, are the ^-D-galactopyranosides. These substrates are split 
by sweet almond emulsin.’’^ Until the present time, a separation of the 
effect of this enzyme on /S-D-glucopyranosides and /S-n-galactopyranosides 
has not been achieved. Moreover, the two effects are very similar in regard 
to their relative specificity when the aglycone portion is changed. It is 
therefore easily possible, though by no means definitely proven, that both 

“E. Fischer, Ber. 47, 1080 (1914). 

W. N. Haworth, C. R. Porter, and A. C. Waine, J, Chem, 8oc. 1982,2254. 

** B. Helferich, S. Winkler, R. Gootz, O. Peters, and E. Gilnther, Z. phyiiol 
Chem, 906, 94 (1932). 

** B. Helferich and S. Winkler, Z, phyaiol. Chem, 900,269 (1932). 

B. Helferich, H. Hesme, and R. Gootz, Z. phyiioL Chem. 214, 139 (1933). 

** B. Helferich, W. W. Pigman, and H. S. Isbell, Z. phyeiol. Chem. 261, 55 (1939). 

** W. W. Pigman, J, Reeeareh NaU. Bur. Standarde 26, 197 (1941). 

E. Fischer, Ber. 26, 1155 (1895). 
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effects are due to the same enzyme and not to two distinct enzymes.** 
This possibility cannot be assu m ed to exist with other enzyme preparations 
or with other carbohydrases of different origin. jS-n-Glucopyranosidases 
without action on /S-n-galactopyranosides are known; the converse situa¬ 
tion also exists.** 

Besides changes in the structure and configuration of the /S-n-gluco- 
pyranoside ring, other chemical changes and substitutions in this ring were 
tested for their effect on saponification by the jS-n-glucopyranosidase of 
sweet almond emulsin. It was established that changes in the carbon atoms 
and hydroxyl groups in positions 1 through 5 exerted a much greater in¬ 
fluence on enzyme activity than changes in the carbon atom or hydroxyl 
group in position 6. The two cases are therefore discussed separately. 

If the hydroxyl groups in positions 2,3, or 4 of vanillin-/3-i>-glucopyrano- 
side, a substrate subject to very rapid hydrolysis by the enzyme, are esteri- 
fied with p-toluenesulfonic acid, enzyme activity is abolished.** The same 
result was achieved with the methyl ether of the hydroxyl groups in posi¬ 
tion 3 and with the 2,4,6-trimethyl ether of phenol-j8-D-glucop3Tano8ide.** 
Replacement of the hydroxyl group in position 2 by hydrogen also prevents 
enzyme action on this methyl-/3-D-2-desoxygluco-(=manno-) pyranoside.** 
Af-Acetyl-/3-D-glucosaminepyranofflde, where the hydroxyl group in posi¬ 
tion 2 is replaced by an AT-acetylamino group, is hydrolyzed by sweet almond 
emulsin; this effect is, however, probably not caused by the /J-n-glycopyran- 
oeidase but rather by another enzyme of this preparation.** And, finally, 
if the hydrogen atom of the hydroxyl group in position 4 is replaced by 
another sugar, as in the /S-D-maltosides, or -cellobiosides, or -lactosides, 


H 


OH 



Z ■» 

— a-D-glucosyl- or 
^-i>-gluco8yl- or 
jS-D-galactosyl- 


the glucosidic linkage (cf. arrow) is not hydrolyzed by the /3-D-gluco- 
pyranosidase of sweet almond emulsin until the bond between the two 
sugars (at Z) is broken.** 

•* B. Helferioh and H. Scheiber, Z. phytiol. Chem. 336 , 272 (1334). 

•• E. Hofmann, Bioehem. Z. 386 . 429 (1936); NatuTm»»en»chaften 33 , 406 (1934). 

B. Helferich and S. Qrttnler, J. prakl. Chem. N.F. 148,107 (1937). 

» B. Helferich and O. Lang, Z. phytiol. Chem. 316 , 123 (1933). 

“ W. W. Pigman and N. K. Richtmyer, /. Am. Chem. Soc. 84 . 369 (1942). 

*• E. Fischer, M. Bergmann. and H. Schotte, Ber. 68.516 (1920). 

B. Helferich and A. Hoff, Z. phytiol. Chem. 331 , 262 (1933). 

S. Petersen, Ber. Verhandl. Math.-phyt. Klatte tOchi. Akad. Witt. 86,154 (1933). 
B. Helferich and £. Weber, Ber. 88. 1411 (1936). 
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These and all other known examples lead to the conclusion that esteri* 
ScatioD, ether formation, or substitution in the hydroxy] groups in posi¬ 
tions 2,3, and 4 prevent enz 3 ane action. The three free hydroxyl groups in 
the pyranose ring having the normal stereochemical position and also 
stereochemical configuration of carbon atoms 1 and 5 are essential for the 
action of the j9-D-glucop3nrano8idase of sweet almonds. The enzyme is abso¬ 
lutely specific for this portion of its substrates. 

A number of changes on carbon atom 6 and its hydroxyl group, i.e., out¬ 
side the pyranoside ring, are compatible with the action of this enzyme. 
Hydrolysis has been shown to occur in all the /S-n-glucopyranosides of 
phenol or vanillin in which the hydroxyl group in position 6 is replaced by 
H, F, Cl, Br, OCHs, or I. These substituents are listed in the order of 
decreasing velocity of enz 3 rmatic hydrolysis and in order of increasing 
substituent volume. The hydroxyl group itself stands between H and F 
in this list. The rate of hydrolysis by the enz 3 nne of the compounds with 
the two largest substituents approaches the lower limit of analytical detec¬ 
tion.*®*^^ 

If one of the hydrogen atoms at carbon atom 6 is replaced by CHjOH, 
enz 3 rinatic hydrolysis can probably still be detected. This assumption is 
based on the fact that in a comparable case, with the jS-n-galactopyranoside 
ring in phenyl-^-n-a-mannoheptoside, hydrolyzability can just be detected.*® 
Even larger substituents, e.g., those produced by esterification of the 
hydroxyl group in position 6 with methanesulfonic acid or with p-toluene- 
sulfonic acid, cause the rate of hydrolysis to become so slow as to escape 
detection. The specificity has become ^‘absolute.^'*®**^ 

The size of the substituent is not the only decisive factor. Replacement 
of the hydroxyl group in position 6 not only by NH 2 but also by 
NH*CO‘CHs does not render the glucoside quite stable toward the en¬ 
zyme.*® 



If the hydrogen of the hydroxyl group in position 6 is replaced by a 
second sugar, as in gentiobiosides, 


Z - CJEInO. 
CHt*0«Z ■■/9-]>-gluco8yl- 


Grtinler, and A. Gnttchtel, Z. physiol. Chem. M, 85 (1937). 
^ W. W. Pigman, and N. K. Richtmyer, J. Am. Chem. Soc. 6i, 374 (1942). 

*• B. Helferich, A. Iloff, and H. Streeck, Z. physiol. Chem. 226,258 (1934). 
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hydrolysis of the bond between the disaccharide and the aglucone by the 
eni^me is prevented. The glucosyl residue is too large a substituent. 
Amygdalin, when acted upon by /9-D-glucopyranosidase, is split primarily 
between the two sugars and only secondarily between glucose and benzalde- 
hyde cyanhydrin.** 

On the other hand, the glycosidic linkage of a iS-D-glucopyranoside carry¬ 
ing hydrogen in place of the CH 2 OH in position 6 is split by /9-D-gluco¬ 
pyranosidase of sweet almonds. i^-D-Xylosides 



have been shown to be hydrolyzed by the same enzyme in sweet almond 
emulsin as the /9-D-glucopyranosides,^® provided a sufficiently pure enzyme 
preparation and a suitable aglucone such as phenol are employed. 

The effect of a change at carbon atom 6, outside the pyranoside ring, is 
limited to the rate of enzymatic hydrolysis and therefore to relative specific¬ 
ity, unless the change is too drastic and especially unless the new substitu¬ 
ent is too large. If it takes up too much space, relative specificity is trans¬ 
formed into an absolute one. 

Among the cases which have been mentioned above, two are remarkable 
in a particular sense. The term “sugar specificity’* of a carbohydrase is 
sometimes understood to mean that at least one distinct enzyme is required 
for the hydrolysis of the glycosides of each sugar, particularly among the 
natural ones. However, the /3-D-glucopyranosidase of sweet almonds is 
capable of hydrolyzing not only the derivatives of /S-D-glucopyranose but 
also those of )8-D-xylopyranose and of /3-D-isorhamnopyranose tD(+)-gluco- 
methylose, D-chinovose, D-epirhamnose]. It is not necessary to postulate 
the existence in sweet almond emulsin of special enzymes for the iS-pyrano- 
sides of these other two sugars since the pyranose ring in all three glucosides 
has the same structure and configuration. The hydrolysis of /S-D-isorhamno- 
sides even proceeds with a remarkable velocity. 

The effect of various aglucone groups in the /S-D-glucopyranosides on 
hydrolysis by /3-D-glucopyranosidase has been very thoroughly investigated 
from various points of view.*®*^^ It became possible to establish certain 
rules. For example, the rate of hydrolysis increases with increasing number 

Auld, J. Chem. Soc. 1908,1280. 

Armstrong and Horton, Proc. Roy, Soe. (London) BSO, 330 (1908). 

R. Weidenhagen, Z. ver. deut. Zuckerind, 79,591 (1929). 

•• B. Helferich and H. Appel, Z. physiol Chem, 205. 231 (1932). 

Summary: S. Veibel in Bamann-Myrbftok, Die Methoden der Fermentforschung. 
Thieme, Leipzig, II, 1941, p. 1778. 

W. W. Pigman, Advances in Bneymol 4, 41, (1944). 
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of carbon atoms from 1 to 7 in the series of n-alkylgluco«des and then 
decreases in the giucosides of the higher normal alcohcds.** The hydrolysis 
of cetyliS'D-glucopyranoside is no longer detectable, probably because of 
its low solubility in water.” Branching of the alkyl groups sometimes de¬ 
creases the rate of hydrolysis. A remarkably low rate is exhibited by tri- 
methylcarbinol-d'D-glucoside,” 



probably on account of steric hindrance. 

The rate of enzymatic hydrolysis may also vary greatly with aromatic 
aglucone groups as in phenol-d-n-glucopyranosides. The high velocity of 
hydrolysis of o-cresol-d-n-glucopyranoside is especially characteristic for 
the /S-D-glucopyranosidase of sweet almonds. The corresponding derivatives 


Aglucone group 

Enzymatic hydrolysis 
k X 10» (30*) 

Acid hydrolysis 
k X 10» (60®) 

CHr- 

1.0 

0.35 

CH.CHjCH,— 

8.7 

0.46 

(C.H.),CH- 

84.0 

1.18 

(CH,),C- 

0.011 

9.97 (40®) 

Aglucone group 

Enzyme efficiency 
(30*) 

Acid hydrolysis 
* X 10‘ 


0.34 

23 

CfHiCH,-(ortho) 

4.3 

18 

CcH 4 *CHt-(para) 

0 

0.12 

21 




** OH 



(Protocatechualdehyde) 

0 

10 

13 

^ /-\ 






” OCH, 



(Vanillin) 

13 

35 


** £. Fischer and B. Uelferich, Ann. 383, 70 (1911). 

** S. Veibet and H. UUelund, Compl. rend. 303. 128 and 602 (1037). 
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of m-cre8ol and p-oresol are split at a lower rate comparable to that of the 
phenol derivative itself.** 

In regard to this relative enz 3 rme specificity toward various /J-n-gluco- 
pyranosides it is of particular interest that the sequence of increasing veloc¬ 
ity of hydrolysis by the enzyme does not coincide with the capacity to be 
hydrolyzed by hydrogen ions; this is demonstrated in the following table 
with some typical examples.** The action of the enzyme must involve a 
particular effect which differs at least in part from that of acid hydrolysis. 
This table indicates that the rate of saponification of /S-n-glucopyranosides 
by /S-D-glucosidase may vary widely. The vanillin derivative is split 40,000 
times faster than the trimethylcarbinol derivative. But changes in the 
aglucone group do not cause a disappearance of enzymatic hydrolysis, 
except in a few “extreme” cases. Therefore, it is easily understood that the 
same jS-n-glucopyranosidase is capable of hydrolyzing )9-D-glucopyranosides 
which have a second sugar as their “aglucone.” Gentiobiose, cellobiose, and 
other disaccharides and oligosaccharides with a terminal unsubstituted 
/S-D-glucopyranoside ring are split by the iS-n-glucopyranosidase of sweet 
almonds (see the formula on p. 91, R = monosaccharose or oligosaccharose). 
This hydrolysis is not prevented by a substitution or other change in the 
second (reducing) sugar. Neither oxidation to bionic acid or biosone** 
nor reduction to the corresponding hydrobial,** nor the transformation of 
the reducing group to the oligosaccharide** nor even the simultaneous ether 
formation with the hydroxyl group in position 2 as in the glycololigosac- 
charide anhydrides*^ 



prevents enzyme action. These changes affect the activity of the enzyme 
only in the manner of a change in the aglucone group. /S-n-Glucopyranosi- 
dase does not require the presence of a specific structure, configuration, or 
composition of the second reducing sugar or of the entire bioside in order 
to hydrolyze substrates such as gentiobiose or cellobiose. To assume the 
existence in sweet almond emulsin of a special cellobiase or gentiobiase 
introduces an unnecessary complication not required by any experimental 

** W. W. Pigman, AdvancM in Entymol. 4, 56 a. 61 (1944). 

" E. Fischer and G. ZempI6n, dlnn. S66, 1 (1909). 

C. Neuberg and 8. Saneyoshi, Biochem. Z. M, 44 (1911). 

** M. Bergmann and W. Freudenberg, B«r. 6S, 2783 0929). 

** B. HeUerioh and K. Thiemann, Z. phytiol. CKtm. S81.126 (1944). 
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data obtained until the present time. /J-n-Glucopyranosidase is even capable 
of removing by saponification the terminal, nonreducing glucose of a longer 
chain of /S-n-glucopyranoside rings as in cellotriose or cellotetrose. But this 
relative specificity becomes absolute if the chain is lengthened further. 
Cellopolyoses with more than about six glucose units are not hydrolyzed 
by almond ; 8 -D-glucop 3 rranosidase.’‘'“ The enz)rme 8 that hydrolyze other 
higher cellopolyoses and cellulose itself are distinct entities. This phenome¬ 
non may be coimected with the following finding: if the second hydroxyl 
group in glycol-0-D-glucopyranoside is also bound to a /S-o-glucopyranoside 
ring, 



the rate of enzymatic hydrolysis is markedly decreased, although the en¬ 
zyme now has two d-n-glucoside linkages at its disposal.** The two neigh¬ 
boring sugar groups inhibit the action of the enzyme (formation of an 
intermediate), perhaps by mutual affinity. 

The specificity of the d-n-giucopyranosidase of sweet almonds may be 
summarized as follows: this enzyme requires in absolute specificity the 
presence of the d-n-glucopyranoside ring, without substitution and without 
change in structure and configuration. The jS-D-galactopyranosides consti¬ 
tute a possible exception. Enzyme activity is not abolished by replacemeht 
of the CHjOH group in position 6 with hydrogen, or by a change at carbon 
atom 0 and its hydroxyl group, as long as this change is not too extreme 
and particularly as long as the new substituent does not take up too much 
space. Changes in the “aglucone,” the portion of the substrate molecule 
linked by a glucosidic bond, do not prevent enzyme action, but influence 
the rate of hydrolysis. This relative specificity is transformed into an abso¬ 
lute one only in a few instances, as with cetylglucoside or the cellopolyoses. 

It is not permissible to carry these conclusions about a single carbo- 
hydrase—a jS-n-glucopyranosidase prepared in a definite way from a par¬ 
ticular source, i.e., sweet almonds—over to other d-n-carbohydrases or, in 

** W. Grassmann, L. 2Sechmeister, R. Bender, and G. Tdth, Ber. 67,1 (1034). 

W. Graaamann, L. Zechmeiater, G. T6th, and R. Stadler, Ann. 806, 167 (1^). 

** B. Helferich and R. Hiltmann, Ann. 581,160 (1037). 
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general, to other carbohydrases. Even the relative specificity of different 
j9-D-glucosidases (snail emulsin, takadiastase, etc.) varies more or less. 
The range of the absolute specificity may also be different. The relative and 
absolute specificity of other carbohydrases of different origin may vary 
even more widely, as shown, e.g., by the behavior of other jS-D-galactosidases 
and other a-D-glucosidases.^* *®'®° 

An attractive hypothesis postulated by Weidenhagen®^ assumes the 
existence of a single glucosidase for all a-glucosidic derivatives and simi¬ 
larly for all ^-glycosidic derivatives of a sugar. According to this concept, 
there is only one /9-D-glucopyranosidase, only one cr-D-glucopyranosidase, 
only one ^-D-galactopyranosida.se, etc., all of which are capable of splitting 
not only the corresponding glycosides (heterosides) of the particular sugar 
but also the corresponding oligosaccharides and even polysaccharides. 
Differences in relative specificity between the various isodynamic enzymes, 
i.e., carbohydrases of different origin, are based on the impurities in the 
enzyme or in its colloidal ‘^carriers,’* according to this hypothesis. However, 
there is no experimental basis for the assumption that only colloidal car¬ 
riers and impurities are responsible for the very numerous and often very 
incisive differences in the relative and even absolute specificity of iso¬ 
dynamic enzymes, as long as no one has succeeded in separating these 
entities from the enzyme or from its prosthetic group. Moreover, some 
enzymes are known that do not conform with Weidenhagen^s hypothesis, 
although in many other instances the latter appears to be close to the true 
situation. Some enzymes that hydrolyze cane sugar are characterized as 
/3-D-fructofuranosidases, others as a-D-glucopyranosidases.®'*®^ The first 
type of saccharase is capable of splitting the saccharose linkage between 
fructose and glucose even if it (linkage a) is blocked by a third sugar, as 
in raffinose: 


b a 

cr-D-Galactopyrano8ido<^l j 6^a-D-Glucopyrano8ido^l“~l^j3-D-Fructofurano8ide 

The linkage in raffinose indicated by b is hydrolyzed by a-D-galactosidases, 
e.g., that in sweet almond emulsin.®® The a-glucopyranosidase type of 
saccharase (or invertase) can hydrolyze other simple a-n-glucopyranosides 
like phenol- or methyl-a-D-glucopyranoside as well.®' 

However, there is no doubt that other enzymes exist that have a specific- 

•®K. Hill, Ber, Verhandl. Math.-phys, Klaase 86chs. Akad. Wisa. 86 , 115 (1934). 
R. Weidenhagen, Ergeb. Enzytnforach^ 1, 168 (1932). 

R. Kuhn, Z. physiol, Chem. 129,67 (1923). 

R. Kuhn and H. MOnch, ibid, 163, 1 (1927). 

E. Fischer and E. F. Armstrong, Ber, 36, 3144 (1902). 

C. Neuberg, Bioehm. Z. 8, 619 (1907). 
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ity different from that required by Weidenhagen’s hypothews. Carbohy* 
drases derived from a number of bacteria or molds hydrolyze maltose but 
not methyl-a-D-glucoside, although both substrates contain a terminal 
a-D-glucopyranoside ring.**'*^’** In this case, some investigators postulate 
the existence of a glucomaltase which has a special affinity for the reducing 
glucose portion (I) in maltose, 



in contrast to a glucosidomaltase that cleaves off the glucosidic portion (II) 
of maltose and is also capable of hydrolyzing other a-D-glucopyranosides.*‘ 

Other findings which were not in agreement with Weidenhagen’s hypothe¬ 
sis have been published; the hypothesis is not as all-inclusive as was as¬ 
sumed at first. It should be restricted to those enz 3 rmes for which it has 
been provided with experimental proof. 

(3) Proteolytic Enzymes. For some time, proteol 3 rtic enzymes have been 
found to be even more suitable for specificity studies than the carbohy- 
drases. The older synthetic methods of Emil Fischer and the newer pro¬ 
cedures of M. Bergmann and his collaborators have yielded a large number 
of well defined oligopeptides which can be used as enzyme substrates. On 
the other hand, a whole series of proteolytic enz 3 rmes has been isolated 
in pure crystalline form. The use of these crystalline enzymes presumably 
assures the investigator that he is dealing with individual catalysts and not 
with mixtures. These possibilities have been successfully exploited in the 
last few years for investigations of specificity, especially by Bergmann and 
his collaborators. Their results have initiated a remarkable change in our 
knowledge of the proteoljrtic enzymes and their classification. A few ex¬ 
amples may be given.** 

For a long time, it was believed that pepsin and trypsin attack only pro¬ 
teins of higher molecular weight. However, it was established that crystal¬ 
line pepsin, chymotrypsin, and papain are capable of hydrolyzing oligopep¬ 
tides and even dipeptides, if these substrates are substituted in a manner 
suitable for the enzyme. The following table lists a number of substrates 
which were studied along these lines.** 

•« K. Myrb&ck, Z. physiol. Chsm. 196, 196 (1931). 

** J. Leibowitc and P. Mechlinaki, Z. physiol. Chsm. 1S4, 64 (1926). 

J. Leibowitz and S. Hestrin, Nature 141, 652 (1938). 

** M. Bergmann and J. 8. Fruton, ildvancM in Ensymol. 1, 63 (1941). 

M. Bergmann, ibid. 9 , 49 (1942). 
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1 . Carbobenaoxy-L-glutamyl-L-tyrosine 


CO,H 


C.H4OH 


C*H*CH,OCONH-CH‘CO- 


-NHCHCOsH 


2. Carbobenzoxy-L-glutamyl-L-phenylalanine 

CO,H 

(CH,), 

C*H*CH,OCONHCHCO- 


-NHCHCOiH 


3. Carbobeiizoxy<Lrglutaminyl-L-phenylalanine 

CONH, C,H* 

(CH,), CH, 

• • • 

CH, • O • CO * NH- CH- CO-^NH- CH- CO,H 


4. Carbobenzoxyglycyl<i/-tyro 8 ine 


CiHiOH 


C*H| CH,-0-C0-NH-CH, C0~7~NH-CH-C0,H 


6. Carbobenzoxy>L-glutainyl>L>tyro8ylgiycine 

CO,H C.H 4 OH 

(CH,), CH, 

C,H,CH,-0C0-NHCHC0-4-NHCH-C0—NH-CH,-CO,H 


6. Carbobenzoxyglycyl-L-glutainy]-L>tyrosine 


CO,H 


C,H4 0H 


(CH,), CH, 

C,H,CH,-OCO-NHCH,CO—NH-CH-C0 4“NH-CH-C0,H 


7. Olyoyl-L-glutamyl'L-tyrosine 


CO,H 

(CH,), 

NH,CH,-C0—NH-CH-CO 


C,H 4 0H 


nhchco,h 
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8. L*Glutamyl-L*t 3 rrosine 

CO,H C,H40H 

(CH,), CH, 

NH,CH-CO—NHCHCOjH 

9. Carbobenzoxy-L-tyrosylglycinamide 

CeHiOH 

CH, ^ 

C.H5CH,0C0—NHCH-CO—NHCH,.CO-NH, 

Crystalline hog pepsin—and pepsin from other animals—splits com¬ 
pounds Nos. 1, 2, 6, and 7, i.e., derivatives of L-tyrosine with two free 
carboxyl groups, at the linkage indicated with | ; this reaction proceeds at 
a rather high rate. Substrates 5 and particularly 3 and 4, in which one of 
these carboxyl groups is blocked or absent, are split more slowly. If both 
carboxyl groups are blocked or absent, enzymatic hydrolysis does not take 
place; the same is true if a free amino group is too close to the point at 
which hydrolysis would take place (No. 8). In every instance, L-tyrosine 
or L-phenylalanine is hydrolyzed off, and this reaction always involves the 
peptide bond which includes the amino group of these two amino acids. 

Crystalline chymotrypsin also hydrolyzes oligopeptides of these two 
aromatic amino acids, but with this enzyme the reaction involves the pep¬ 
tide bond which includes their carboxyl group; this bond has been marked 
with an arrow (No. 9). A further prerequisite for hydrolysis by chymotryp¬ 
sin is that no free amino or carboxyl group may be too close to the bond 
to be hydrolyzed. This is well illustrated by the following substrate (No. 
10 ): 

10. Carbobenzoxy-L-glutamyl-L-tyrosylglycinamide 

CO,H C,H4 0H 


(CH,), 

C.H,CH,OCO—NHCHCO- 


NHCHCO—NHCH,CONH, 


This compound is hydrolyzed by both pepsin and chymotrypsin, but at 
different loci. Pepsin splits the peptide bond which includes the amino 
group of tyrosine; chymotrypsin hydrolyzes the peptide bond which includes 
the carboxyl group of this amino acid. If in this substrate there is no carbo- 
benzoxy group (left end of the formula) blocking the amino group, then 
pepsin is without effect. On the other hand, if the terminal amide group 
(right end of the formula) is absent, i.e., if the carboxyl group of glycine 
is free, then chymotrypsin is unable to attack the substrate. 

Derivatives of the '^unnatural’’ n-tyrosine are attacked neither by pepsin 
nor by chymotiypsin. 
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The difficulties which beset the interpretation of studies on specificity 
may be illustrated by the following example.®® Cysteine-papain hydrolyzes 
neither acetyl-L-phenylalanylglycine 

Ctlh 

CH, 

CH,-CONHCH-CO—NHCH,.CO,H 
nor glycyl-L-leucine 

CH(CH,), 

CH, 

NHiCHiCO—NHCHCOiH 

If both substrates are simultaneously placed in contact with the enzyme, 
the latter synthesizes a tetrapeptide, acetyl-L-phenylalanylgl^ ylglycyl-L- 
leucine: 

CHiCONHCHCO—NHCHjCO—NHCHfCO—NHCHCO,H 
CH, CH, 

C.H, CH(CH,), 

If the same enzyme now acts on this substrate, it can split off L>leucine and 
then glycine. Thus with the aid of the first dipeptide as ‘‘co-substrate,*’ 
the second dipeptide is hydrolyzed by cysteine-papain. 

The specificity of proteinases can also be classified according to another 
point of view. Some can attack only terminal peptide bonds and, therefore, 
split off only terminal amino acids from a larger molecule (exopeptidases). 
Other peptidases are capable of hydrolyzing more centrally located peptide 
bonds as well (endopeptidases). 

In regard to the stereochemical specificity of proteolytic enzymes it may 
be stated that most of them can hydrolyze only the peptide bonds of the 
“natural” amino acids, i.e., the peptides of glycine or the L-amino acids. 
The stereochemical specificity of these enzymes is absolute. Others, e.g., 
papain, can also split peptides of n-amino acids, but at a lower rate than 
those of the L-series. 

Striking examples of substrate specificity, i.e., the relation between en¬ 
zyme specificity and the structure and configuration of the substrate, have 
been found among the peptidases, which split a peptide bond near a polar 
group such as —^NHa or —COOH. 

Aminopolsrpeptidase hydrolyzes peptide bonds adjacent to a free amino 
group,®^ or, more generally, to a basic nitrogen carrying at least one hydro¬ 
gen atom.®® Therefore, this enzyme hydrolyzes peptide bonds—at least 
tripeptides—starting from the basic end (left end of the formula). 

W. Qrassmann and H. Dyckerhoff, Z, phytiol, Ch^. 179* 41 (192S). 

•® M. J. Johnson, /. BioL Chem. 188,89 (1937). 
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R' R" R'" 

I ; I I 

R • NH. C H. C 0-r-NH • C H—C 0-NH • CH—CO,H 

On the other hand, carboxypeptidase (earlier named carboxypolypeptidase) 
splits peptide bonds adjacent to a free carboxyl group 

Carbobenzoxy-giycyl-L-alanine 

CH| 

C«H»-CH,‘COONHCH,CO—NHCHCOiH 


It is not necessary for the acid substituent of the amino group to be an 
amino acid. Chloracetyl-L-tyrosine 


C,H4-0H 

CH, 


Cl CHi CO NH CH COiH 


is also split by this enzyme. But an essential condition appears to be that 
the hydrolyzed peptide bond be able to change to an enol Gactim) form: 


OH 


Cl-CHjC* 


C1H4OH 
CH, 
NCHCOiH 


It has been stated that only the transform is split.’^ If the carboxyl group 
is too far removed from the point of cleavage, the enzyme is without effect. 
Glycyl-<-amino-n-heptanoic acid is not hydrolyzed by this enzyme;^* no 
hydrolysis occurs if the amino acid to be split off belongs to the ‘‘unnaturar* 
D*series. 

Very careful investigations have been devoted to the substrate specihc- 
ity of dipeptidase, an enzyme which is capable of hydrolyzing only dipep¬ 
tides. Both the amino group of one amino acid and the carboxyl group of 
the other must be unsubstituted to permit this enzyme to act.^* Further- 

•• E. Waldschmidt-Leitz, W. Grassmann, and H. Schlatter, Bcr. 60, 1906 (1927). 

E. Waldachmidt-Leitz and A. Purr, Ber. 62,2217 (1929). 

M. Bergmann and J. S. Fruton, J. Biol. Chem. 117, 189 (1937). 

K. Hofmann and M. Bergmann, J. Biol. Chem. 184, 225 (1940). 

M. Bergmann. L. Zervaa, and H. Schleich, Z. phyeiol. Chem. 284, 45 (1934). 

” E. Abderhalden and F. Broich, Fermentforech. 14, 116 (1933). 

^’W. Oraesmann, Ergeb. Enzymforech. 6, 79 a. 103 (1936); Habilitationsschrift, 
Univ. of Munich, 19^. 
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more, only the ct«-enol form (os-iminohydrin) is hydrolyzed. In the sub¬ 
strate, 

H' Nh/ HOiC H" 

\ / \ / 

c c 

/ \ / \ 

R' C===N R" 

/ 

HO 

both hydrogen atom H' and H" may be replaced by methyl groups without 
loss of enzyme activity. Indeed, a dipeptide of the “unnatural” o-alanine 
is hydrolyzed by the enzyme at a low rate; on the other hand, the cor¬ 
responding derivative of n-Ieucine is not hydrolyzed because in the latter 
the C 4 Hg group replacing the two hydrogen atoms H' and H” is too large 
and prevents enzyme action by steric hindrance.^* In contrast to these 
data, the n-leucine dipeptide is hydrolyzed; the large R' shown in the above 
formula then lies on the other side of the ring, away from the locus of en¬ 
zyme action, and therefore does not prevent the enz 3 Tne from acting. On 
the contrary, a longer chain length of R' or R” increases the rate of enzy¬ 
matic hydrolysis.'* 

(4) Oxidative enzymes. Recent investigations and the progressive elucida¬ 
tion of the oxidative enzymes have in many instances led to a better 
understanding of their substrate specificity. 

One of the oldest examples in this field is the rule established by Bertrand 
in studies of the oxidation of alcohols by certain bacteria. He found that 
in polyalcohols of the sugar series a secondary hydroxyl group is oxidized 
(dehydrogenated) only if adjacent to a primary hydroxyl group and only 
if the secondary hydroxyl group is in the m-position to a secondary hy¬ 
droxyl group on the next carbon atom. The reduction product of n-glucose, 
D-sorbitol, 


t t 4 3 1 1 

H H OH H 

I I I I 

HO • CH,—C—C—C—C—CH,. OH 

I I I I 

OH OH H OH 


M. Bergmann, L. Zervas, J. S. Fruton, F. Schneider, and H. Sohleich, J. Biol 
Chm. 100* 325 (1935). 

Schneider, Diasertation, Univ. of Munich, 1934. 

P. A. Levene, L. W. BaiM, and R. E. Steiger, J, Biol Chom, 81 , 221 (1929); tt, 
155 (1929). 

W. Grassmann, L. Klenk, and T. Petera-Mayr, Biochem. Z. 880, 307 (1935). 
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is oxidized at carbon atom 6, not at carbon atom 2, and therefore yields 
L-sorbose and not D-fructose.’* 

The stereochemical specificity of the oxidative enzymes of these bacteria 
is determined by the configuration of this one portion of its substrate. 

A less particular enzyme is alcohol dehydrogenase of plants^ and ani¬ 
mals,” which oxidizes various primary alcohols to aldehydes. 

A very specific action is that of /8-hydroxybutyric dehydrogenase, which 
dehydrogenates only L-jS-hydroxybutyric acid,^® and malic dehydrogenase, 
which converts L-malic acid to oxalacetic acid.*® a-Glycerophosphate de¬ 
hydrogenase exhibits strict specificity in the oxidation of L-a-glycerophos- 
phate to 3-phosphoglyceraldehyde: 

(HO),PO-O CH,-CH(OH) CHjOH —^ (H0)2P0 0 CH, CH(0H) CH:0 

Neither the optical antipode nor the /S-ester are attacked. 

In contrast to these enzymes, the so-called Schardinger enzyme or 
xanthine oxidase*^ has a much wider range of action, a lower substrate 
specificity. It oxidizes various aliphatic and aromatic aldehydes and also 
some purines, as illustrated by the oxidation of xanthine to uric acid .*** 


HN—C=0 

I I H 

0==C C— 

CH(OH) 

HN—C— 

H 


-2H 


HN—C=0 
H 

0=0 C—Ns^ 

I 0=0 

HN—O—n/^ 

H 


Hydrated xanthine 


Uric acid 


In all these cases a secondary alcohol group is dehydrogenated. But a high 
substrate specificity is observed also in some instances when hydrogen is 
removed from a secondary amino group. n-Amino acid oxidase,** an en¬ 
zyme that occurs very frequently in animal tissues, exhibits strict specific- 

G. Bertrand, Ann. chim. ei phya. 8(8), 275 (1904). 

B. Andersson, Z, physiol. Chem. 210, 15 (1932). 

F. Batelli and L. Stern, Compt. rend. soc. biol. 61, II, 419 (1931). 

^*D. O. Harrison, Ergeb. Enzymforach. 4, 309 (1935). 

I. Banga, K. Laki, and A. Szent-Gy5rgi, Z. physiol. Chem. 217, 43 (1933). 

•• D. E. Green, Biochem. J. 80, 2095 (1936). 

A. Hahn, Z. Biol. 62, 355 (1931-32). 

F. Schardinger, Z. Unierauch. Nahr. u. Genuaam. 6, 1113 (1902). 

•• E. J. Morgan, 0. P. Stewart, and F. G. Hopkins, Proc. Roy. Soc. (London) B94, 
109 (1922-23). 

M H. A. Krebs, Z. physiol. Cham. 217, 191 (1933); Klin. Wochachr. 11, 1744 (1932); 
Bioch^. J. 26,1620 (1935). 

K. Felix and K. Zom, Z. physiol. Cham. 268,16 (1939). 

P. Hols and H. BOohsel, ibid. 272,201 (1942). 
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ity in oxidizing the “unnatural” n-amino acids (not the L-isomers) to 
imino acids and then hydrolyzing the latter to form a-keto acids: 

H 

R C COiH R C(=NH)-CO,H -±S!2U R CO COjH 

I 

NH, 

The rate of this enzymatic reaction varies with the different D-amino 
acids. With regard to these substrates, the enzyme possesses only relative 
substrate specificity. 

The reversible dehydrogenation at two adjacent carbon atoms in a satu¬ 
rated compound, to yield an unsaturated one, sometimes exhibits a very 
high, absolute specificity. For example, succinic dehydrogenase oxidizes 
succinic acid to fumaric acid,*^ 

HO 2 CCH, HOiCCH 

I -^ II 

HiCCOfH HCCOjH 

but only a few derivatives of succinic acid, e.g., me ylsuccinic acid, are 
subject to the same reaction.*^ 

Some phenol oxidases, like the monophenol oxidases tnd the polyphenol 
oxidases, are relatively unspecific; others, like dopa oxidivse w'hich oxidizes 
only l- 3, 4-dihydroxy phenylalanine to melanin,®® exhibit a high specific- 
ity. 

Among the enzymes concerned with oxidative metabolism, mention 
should be made of the catalases, which, with a high specificity, cause the 
decomposition of hydrogen peroxide to water and oxygen, and of the 
f)eroxidases, which catalyze the oxidation of many phenols and amines in 
the presence of hydrogen peroxide. 

The important role of the coenzyraes in connection with the specificity 
of oxidative enzymes is discussed below. 

(5) Miscellaneous. Among the hydratases, a word should be said about 
fumarase that is strictly specific for the reversible transformation of 
fumaric acid into L-malic acid;®^ 

OH 

HOtCCH 4.H.0 HOiCCH 

II < -HfO I 

HCCOiH HCCO,H 

H 

T. Thunberg, Skand. Arch. Physiol. 22, 430 (1909). 

••T. Thunberg, Biochem. Z. 268, 48 (1933). 

•• B. Bloch. Z. physiol. Chem. 88, 228 (1917). 

B. Bloch and F. Schaaf, Biochem. Z. 162, 181 (1926). 

F. Batelli and L. Stern, Biochem. Z. 81, 478 (1911). 

H. Binbeok, ibid. 85, 296 (1919); 
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Carboxylase decarboxylates pyruvic acid to acetaldehyde 


CHsCOCOiH 


4-co« 


O 


CH.C 

\ 


H 


but can also react with other a-keto acids in the same way. 

Among the desmolases, an important enzyme is aldolase, which combines 
dihydroxyacetone phosphate with aldehydes and especially, reversibly, 
with phosphoglyceraldehyde to yield fructose-1,6-diphosphate:® 


H H 

I I 


OH O 


(HO),POOCH,—C—C + HC—C—CH,OPO(OH), 

I II I 


I 

OH O 


H 


(HO),POOCHi 


H H O 

I 


•OPO(OH), 


OH OH 


This enzyme is highly specific. In one direction, it requires dihydroxyace¬ 
tone phosphate for the reaction and in the other direction fructose-1.6- 
diphosphate. 

The oxidative enzymes, hydratases, desmolases, and other related en¬ 
zymes have a varying but often quite strict specificity, as demonstrated 
by the examples cited above. It is therefore hardly surprising that the 
enzyme systems made up of these enzymes exhibit a much higher specific¬ 
ity in catalyzing their reactions. Alcoholic or aerobic fermentations, assimi¬ 
lation processes, and similar reactions are restricted to a few substrates, 
usually even to a single one. Among the hexoses, only the epimeric sugars 
D-glucose, D-mannose, and D-fructose are fermented by yeast enzymes. 
In view of their tautomerism, these three sugars to some extent constitute 
a single substance. In addition, fermentation proceeds with D-galactose, 
usually after a certain period of adaptation. 

The same may be said of other enzymatic processes that probably involve 
systems of different individual enzymes, e.g., the formation of anti-enzymes 
and of the Abderhalden protective enzymes whose specificity can be used 
for strictly specific tests of definite substances and conditions. 

HI. Specificity of Enzymes as a Basis for their Classification 

The specificity of enz 3 rmes is of decisive importance. The action of an 
enzyme as catalyst for a certain reaction makes it possible to subdivide 

" O. Meyerhof and K. Lohmann, Biochem. Z. 271, 89 (1934); 278, 413 (1934). 

O. Meyerhof, K. Lohmann, and P. Schuster, Biochm. Z, 286,301 a. 819 (19M). 



3 . ENZYME 8MCIFIC1TY 


105 


enzymes first of all into groups of those concerned with similar reactions. 
Insofar as enz3rme8 have n'ot been isolated in pure form and their chemical 
composition and structure have not been elucidated, this classification has 
been nearly the only one possible. Today it is still the most important one, 
even for isolated crystalline enzymes of which the coenzyme portion has 
a well-understood structure. The protein portion is still a mystery in many 
ways. This unknown part of an enzyme, according to present knowledge, 
is responsible for substrate specificity as well as for species and organ 
specificity. This specificity remains fundamental for the classification and 
identification of enzymes, for the apoenzymes as well as for the holoen- 
zymes. The qualitative determination of enzyme specificity (activity of the 
enzyme toward different substrates) does not suffice for this purpose. If a 
different quantitative behavior of isodynamic enzymes toward different 
substrates is observed, if a different substrate specificity is established, 
then these enz 3 rmes must be considered to be different, especially if they 
are available in the pure crystalline state. 

But this possibility has its limits. The situation becomes more diflScult 
if the enzjrme \mder investigation is accompanied by other enzymes or by 
various substances such as carbohydrates or proteins. These contaminants 
of different types may have a more or less well-recognized influence on the 
action of the enzyme and on relative as well as absolute specificity. Even 
different treatments of an enzyme preparation may affect its specificity in 
different ways and may change its absolute and relative behavior toward 
various substrates. In all these instances, the decision whether the enzymes 
in question are identical or not is somewhat dubious and arbitrary. The 
lack of recognition of these facts introduced into the literature many dis¬ 
agreements that cannot be resolved until the enzymes have been isolated 
in the pure state. Proof that two enzymatic reactions with different specific¬ 
ity of a single enzyme preparation are mediated by two distinct, separable 
enzymes can be offered only if the two enzyme effects are successfully 
separated. Proof of a real separation is established only if the total yield 
of enzyme units after separation, expressed in per cent of original enzyme 
units before treatment, is greater than 100.** 

Of course, the investigation of enzyme specificity is not the only method 
of classification. It is complemented and supported by other properties of 
the enzyme, e.g., affinity for various substrates, dependence on various 
added substances, etc. The decisive importance of a more thorough knowl¬ 
edge of enzyme specificity for their classification has been aptly illustrated 
by the proteolytic enzymes. Until a few years ago, these enzymes were 
classified mainly according to their pH optimum and their distribution in 
various species and tissues, and only secondarily according to their then 
recognized substrates, most of which had a high molecular weight and an 
unknown structure. Crystallization in the pure state of some of the most 
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important proteolytic enz3rmes brought about only small changes in this 
respect. A clear and well-founded classification of these enzymes became 
possible only upon study of their specificity toward well-defined, low 
molecular weight substrates.** 


IV. Localization of Specificity in the Enzyme Molecule 

A few enzymes have been separated into two parts: a coenzyme, heat- 
stable and of low molecular weight, and an apoenzyme, a substance en¬ 
dowed with the characteristics of a protein. Some examples are provided 
by various dehydrogenases and a few desmolases. Only the mixture or 
combination of coenz 3 rme and apoenzyme, called holoenzyme, exhibits 
enzyme activity.** 

In these instances, the question may be posed whether the coenzyme or 
the apoenzyme is responsible for the specificity of the holoenzyme. The 
following discussion, taking the dehydrogenase involved in alcoholic fer¬ 
mentation as an example, provides the answer to this question. 

The coenzyme of this holoenzyme is cozymase or coenzyme I of yeast; 
it is well recognized to be a diphosphopyridine nucleotide with the following 
structure*®; 
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This coenzyme, by reduction of its pyridine ring, takes two hydrogen 
atoms from the substrate and is tranrformed into dihydrocoenzyme I. 

"H. Theorell, Biochem. Z. 378, 263 (1036). 

*• K. Myrb&ck, Ergeb. Emvmforich. 2,139 (1033). 

K. MyrbUck and H. v. Euler, Z. phytiol. Chem. 196,236 (1931); 208, 143 (1931). 

K. Myrbftck, H. v. Euler, and H. Hellatrdm, ibid. 212,7 (1032). 
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Coenzyme I by itself has no dehydrogenase activity. Combination with tlie 
apoenzyme, an enzyme protein of apparently definite but still unknown 
structure, is required to restore enzyme activity in the holoenzyme, and a 
specific dehydrogenase is then obtained. These facts characterize the role 
of the coenzyme in determining the specificity of this enzyme. The co¬ 
enzyme is the deciding factor in reaction specificity but not in substrate 
specificity. 

This concept is in agreement with the observation that coenzyme I is 
the coenz 3 rme of not only one but a whole series of holoenzymes. Approxi¬ 
mately 35 enzymes with different substrate specificities are known to be 
associated with the same coenzyme I. In all these enzymes, the coenzyme 
appears to be the carrier of reaction specificity. 

The differences in absolute and relative substrate specificity of these 
enzymes reside in their different apoenzymes or in a portion of their mole¬ 
cules, i.e., the enzjme proteins. The latter are responsible for the more or 
less pronounced substrate specificity. Even in cases where the holoenzyme 
is known to be separable into apoenzyme and coenzyme, the essential and 
significant property of an enzyme, its absolute and relative substrate 
specificity, is connected with the enzyme protein. 

If no separation into coenzyme and apoenzyme has been achieved, it is 
believed, nevertheless, that a certain portion or portions of the enzyme 
protein is responsible for absolute and relative substrate specificity.”-” 
It is therefore inaccurate and misleading to speak of the enzsrme protein 
only as the “carrier,” the “pheron” of enzyme activity since the deciwve 
property of an enzyme, namely its substrate specificity, resides in the pro¬ 
tein portion. 

On the contrary, the coenzyme, as far as we know now, lies on the same 
level as many other substances, often very simple ones, like salts or ions 
which are obligatory or effective activators of enzyme action. On the basis 
of these considerations it is quite reasonable to think of enzymes as pro¬ 
teins of which a portion possesses a definite structure and configuration 
and is responsible for substrate specificity.** A great step forward is made 
whenever it becomes possible to resolve a holoenzyme into apo- and co¬ 
enzyme and to elucidate the structure and configuration of the latter. But 
to speak of the coenzyme as the active group goes too far since the secret 
of absolute and relative specificity toward definite substrates is prepon¬ 
derantly contained in the enzyme protein. 

Disregarding certain metal ions (as with many peptidases, see p. 107), 

•> H. V. Euler, Z. pkytiol. Chem. 143,79 (1926). 

W. W. Pigman, J. Rftareh Nail. Bur. SUmdardt tT, 1 (1941); Advancet tn Etuy~ 
mol. 4. 41 (1944). 

**J. H. Northrop, J. (Ten. Pkyeiol. IS, 739 (1930); ibid. IS, 767 (1930); Brgtb. 
Btuymfonek. S, 1(M (1938). 
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the existence of coensymes of the type discussed above in hydrolysing 
ensymes appears rather improbable. For in water, the usual solvent em¬ 
ployed in enzyme reactions, there is an overwhelming quantity of water 
molecules or ions. There is little reason to assume the existence of a special 
coenzyme as acceptor or donor of water molecules or ions until such a co- 
enzyme is actually proved to be present. 

The fact that substrate specificity in its fine shadings depends on the 
enzyme protein, clarifies yet another observation. Isodynamic enzymes 
often exhibit organ or species specificity (cf. p. 81). Corresponding to 
their different origin in different organisms or different organs of the same 
organism, the enzyme proteins despite their very similar action do not have 
exactly the same absolute or relative specificity. They differ more or less 
in this regard just as proteins differ generally from species to species and 
from organ to organ." 

The specificity of carbohydrases and the existence of individual oligosac- 
charases may be considered as an example of this concept. 

The carbohydrases are among the enzymes that have not been separated 
into coenzyme and apoenzyme. The locus of enzyme specificity must lie 
in the enz}nrne protein. It may be assumed that one or more adsorption 
areas in the enzyme protein are responsible for the specific adsorption of 
the substrates, i.e., the glucosides and oligosaccharides.** These adsorption 
areas may be influenced by neighboring groups. The same or nearly same 
adsorption area may occur in proteins of different origin. On the basis of 
these differences in the tissue or organism which is the source of the pro¬ 
tein, the same or nearly same adsorption area may cause a different rela¬ 
tive substrate specificity and even a different absolute specificity toward 
some substrates. This assumption corresponds to the tendency toward 
simplification expressed by the hypothesis of Weidenhagen but without 
requiring that all isod 3 mamic enzymes (e.g., all a-glucosidases, all /3-d- 
galactosidases, all saccharases, or all maltases) be identical. 

It is well known that catalysts and similar reagents found in nature may 
have a qualitatively similar but quantitatively more or less different action, 
with a different “relative specificity.” The various vitamins D or the 
different types of penicillin are good examples of this fact. In both of these, 
a part of the molecule of the “isodynamic” compound is identical. But the 
quantitative effect is not the same since other neighboring parts of the 
molecule are different and by their different character cause the relative 
differences in vitamin D activity or disinfecting power. 

The identity of the most important portion of isodynamic enqrmes is 
particularly plausible in view of the structural and stereochemical concep¬ 
tion enzyme q>ecificity. 

** P. Hols and H. Bttchsel Z. pkyiiol Chem. STS, 201 (1042). 
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V. Inferences about Enzyme Structure Drawn from Enzyme Specificity 

The investigation of enzyme specificity and the availability of exact 
information on the structure and configuration of the substrates attacked 
by the enzyme allow us to draw some conclusions about the enzyme mole* 
cule and its structure and configuration. To use Emil Fischer’s metaphor: 
the investigation of the lock, the substrate, which is opened by the key, 
the enzyme, yields valuable information about the structure of the key 
itself, i.e., the enzyme. 

A fundamental conclusion of this type was drawn a long time ago. 
Enzymes act differently on optical antipodes (cf. p. 83); they exhibit true 
stereochemical specificity. Regardless of whether this difference becomes 
manifest in terms of relative or absolute specificity, it is necessary that 
the enzyme itself have an asjTnmetric structure, at least in a part of the 
enzyme system or molecule. All enzymes are optically active substances; 
none of them are symmetrical or racemic mixtures or racemic compounds. 

It is quite generally assumed that each enzymatic process consists of at 
least two consecutive reactions. First, an intermediate compound of enzyme 
and substrate is formed. It is not particularly important or significant 
whether this intermediate represents a definable and specific adsorption 
complex, a definite molecular compound, a compound involving a type of 
salt linkage or a compound formed by means of covalent bonds, hydrogen 
bonds, dipoles, or van der Waal’s forces; this is true especially since the 
boundaries between some of these binding forces are uncertain and indis¬ 
tinct. 

The second reaction involves a decomposition of this enzjrme-substrate 
complex into the products of enzyme action, whereby the enzyme is re¬ 
leased for the next combination with substrate. 

Both of these reactions may have a substantial effect on enzyme specific¬ 
ity. The enzyme-substrate complex between a particular enzyme and differ¬ 
ent substrates as well as that between different but isod3rnamic eni^nmes 
and a single substrate may be formed with different velocities. The rate of 
decomposition of this complex may vary with the different structure and 
configuration of the enzyme as well as of the substrate. 

More exact knowledge of substrate specificity suggests in many instances 
that the essential part of substrate specificity is involved in the formation 
of the enzyme-substrate complex. 

If, for example, the study of a well-defined carbohydrase such as the 
l8-D-glucopyranosidase of sweet almonds indicates that the unchanged 
jS-n-gluoopyranose ring is required for the reversible hydrolysis of the/}-i>- 
glucosides (cf. p. 94), then it is obvious that this /S-n-glucopyranoside ring 
must fit a certain portion of the enzyme molecule in some physical or 
chemical way, in structure and stereochemistry, in some manner which 
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favors the hydrolsrsis of the glucoside linkage. FoUowing up this thought, 
Lettr^ has discussed the possibility that the corresponding part of the 
enzyme molecule may be an optical antipode of the jS-n-glucopyranoside 
ring. The en?yme-substrate complex would then be a racemic or partially 
racemic compound of the two corresponding parts of the enzyme and the 
substrate.*^ The fact that L-glucose or derivatives of L-glucose have been 
encountered only very rarely in natural products argues against this as¬ 
sumption. Another concept proposed that the |8-D-glucopyranoside ring 
itself or a closely related ring may be present in the enz 3 rme molecule. 
This thought is supported by the finding that even highly purified prepara¬ 
tions of this enzyme contain approximately 3% carbohydrate.** The com¬ 
bination of enzyme and substrate in a form suitable for the hydrolysis would 
be produced by the same forces which hold the molecules together in a 
crystal. It is well known that these forces possess a high specificity; one 
need only mention the seeding of supersaturated solutions, particularly of 
the sugar group. Only a crystal of the same substance, identical in struc¬ 
ture and configuration, can initiate crystallization in such a supersaturated 
solution. Even the concept of at least two different adsorption areas in 
different but isodynamic enzymes**-** can be envisaged since a gluco- 
pyranoside ring has at least two sides which may combine with the enzyme. 
This assumption rationalizes the different relative or absolute specificity of 
two isodynamic enzymes. 

This view may perhaps be applied to other enzymes. The adsorption 
area in the enzyme must fit the adsorption area of the substrate as the 
cast fits the template. If at equilibrium the adsorption area is more or less 
occupied by another compound, then this compound inhibits to a greater 
or lesser degree the formation of the enzyme-substrate complex and there¬ 
fore the action of the enzyme. The effect of the adsorption area in the 
enzyme as well as in the substrate may be more or less inhibited and even 
completely nullified by neighboring groups in the enzyme molecule or in 
the substrate molecule; this inhibition may take place to a different degree 
for different enzymes or different substrates. 

Since the formation of the en^me-substrate complex in some manner 
involves electrical forces, it is quite obvious that ionic charged groups in 
the substrate molecule, e.g., carboxyl or amino groups, usually have a 

** H. Lettri, Z. angew. Chem. 60,681 (1937). 

** B. Helferich, W. Richter, and 8. Grttnier, Ber, Verhandl. lOchs. Akad. Wii$. 
UtUh.-phy$. Kla$$e 88. 385 (1037). 

B. ^Iferich and W. W. Pigman, Z, phyiiol. Chem. 200,253 (1939). 

P. Edman and E. Jorpes, Acta Phytiol. Scand. 8,41 (1041). 

** T. Miwa, C. Cheng, M. Fujisaki, and A. Toiahi, Aela Phytoehim. (Japan) 10, 
156 (1937). 



Chapter 4 


Enzymes in Relation to Genes^ Viruses, Hormones, Vitamins, 
and Chemotherapeutic Drug Action* 

By M. G. SEVAG, J. S. GOTS, and E. STEERS 

CONTENTS 


Page 


I. Genes and £n 23 nne 8 . .. 116 

1. Gene Controlled Abnormal Enzymatic Activities. .117 

o. Formation of Abnormal Products. .117 

b. Pigmentation. . 120 

c. Differences in Enzymatic Reactions. . 123 

d. Mutations Involving Growth Factor Requirements in Neurospora .. 125 

2. Critique on the Assumed Direct Relationship between Genes and £nz 3 rme 

Synthesis. 127 

ll. Viruses and Enzymes. . . 130 

1. Enzyme Activities of Free Virus Particles .130 

а. Vaccinia Virus. 130 

б. Bacterial Viruses (Bacteriophage). 132 

c. Virus Hemagglutination. 133 

2. Comparison of Activity of Virus Infected Cells with Normal Host Cells... 136 

o. Poliomyelitis and Western Equine Encephalitis.136 

5, Respiratory Studies on Other Virus-Host Systems. 137 

c. Enzyme Activities of Tumors Resulting from Virus Action. 138 

d. The Action of Bacteriophage on the Enzymatic Activities of the Host 

Cells. 139 

III. The Relation of Hormones to Enzymes... .139 

1. Insulin. 140 

a. Amino Acid Metabolism.140 

b. Hexokinase Activity. 141 

c. Diphosphothiamine. .. . 142 

d. Formation of Fat from Glucose. 143 

e. Phosphatsises. 143 

2. Thyroxine. 143 

a. Phosphatases. 143 

b. Cytochrome-C.144 

c. Creatine and n-Amino Acid Metabolism. ... 144 

d. Vitamin A. 145 

3. Steroid Hormones. 145 

a. Phosphatases. .146 


* This investigation was supported, in part, by a research grant from the Division 
of Research Grants and Fellowships of the National Institute of Health, U. S. Public 
Health Itervice. 


115 



































116 


M. G. SEVAG, J. S. GOTS, AND E. STEERS 


Page 


6 . Arginase. 

c. Cholinesterase. 1^ 

d. Estrinase. 

e. Succinoxidase. 1^^ 

4. Growth Hormones. 150 

5 . Epinephrine. 150 

a. Glycogen Metabolism. 150 

b. Interaction between Epinephrine and Oxidases. 151 

IV. The Relation of Vitamins to Coenzymes. 153 

V. Action of Chemotherapeutic Agents on Enzymes. 157 

1 . Inhibition of Bacterial Oxidative Enzymes in Relation to the Anti¬ 

bacterial Action of Sulfonamides. 157 

a. Inhibition of Bacterial Respiration by Sulfonamides. 162 

b. Inhibition of Bacterial Dehydrogenases by Sulfonamides. 163 

c. Sulfonamide Inhibition of Hydrogen Transfer in Bioluminescence. . .. 164 

d. Antagonism between Sulfathiazole, Methylene Blue, and Riboflavin.. 165 

c. Inhibition of Pyruvate Metabolism by Sulfonamides . 166 

/. Antagonism between Cocarboxylase and Sulfathiazole.166 

g. Antagonism of p-Aminobenzoic Acid to the Inhibitory Action of Sul¬ 

fathiazole on Pyruvate Metabolism . 167 

h. The Inhibition of Amino Acid Synthesis by Sulfonamides.168 

i. Blockage of Tricarboxylic Acid Cycle by Sulfonamides . 168 

j. Interference by Sulfathiazole with the Functions of Riboflavin, Pan¬ 

tothenate, and Tryptophan. 169 

k. Failure of Folic Acid to Function as Growth Factor for L. Arabinosus 

17-5 and as an Antagonist to Sulfonamides. 171 

2 . Acridines and Diamidines. 178 

3. Streptomycin Action. 180 

4. Action of Quinones on Enzymes in Relation to Antibacterial Action. 182 

5. Penicillin Action. 185 


1. Genes and Enzymes 

When the final phenotypic expression of a gene is a morphogenetic one, 
the process is beyond chemical interpretation and must be expressed in 
chemically vague terms. If, however, the gene change results in the modi¬ 
fication of a chemical process, the action of genes leading to it may be made 
in terms of definite chemical reactions. The relationship of genes and en¬ 
zymes was early recognized through the suggestions that inheritable chemi¬ 
cal differences controlled by genes might be accomplished through the 
control of enzymes. This subject has been treated in comprehensive detail 
in several recent reviews.^”"* We shall consider briefly the various examples 

‘ S. Wright, Physiol, Revs. 21, 487 (1941). 

* G. W. Beadle, Chem. Revs. 87, 15 (1945). 

» G. W. Beadle, Am. Scientist 86, 69 (1948); 84, 31 (1946). 

* G. W. Beadle, Ann. Rev. Physiol. 10, 17 (1948). 

* D. M. Bonner, Science 108, 735 (1948). 

* J. B. 8. Haldane, New Paths in Genetics. Harper, New York, 1942. 
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of chemical situations which appear to be gene controlled, with particular 
emphasis on evidences of enzymatic involvement. 

1. Gene Controlled Abnormal Enzymatic Activities 
a. Formation of Abnormal Products 

Perhaps the earliest recognized type of difference in congenital chemical 
activity is the presence of abnormal products as demonstrated by ac¬ 
cumulation or excretion. Since these chemical analogues of structural mal¬ 
formations are inheritable as simple recessives, they were attributed to a 
transformation of the gene to one of its recessive allelomorphs which no 
longer could perform its normal function, or performed it more slowly. 
In effect, this represents a ^'genetic block'* analogous to the determination 
of intermediates in a normal chain of enzymatic functions by classical 
chemical blocking. The normal products are not produced and inter¬ 
mediates accumulate or are excreted. 

(1) Phenylalanine-tyrosine metabolism in man. In the phenylalanine- 
tyrosine metabolism of man,®*^ several such genetically acquired metabolic 
dysfunctions have been recognized. By feeding experiments, the precursors 
of the accumulated intermediates have been determined. The condition 
known as alcaptonuria is characterized by a blackening of the urine on 
standing. This is due to the oxidation of homogentisic acid (2,5-dihydroxy- 
phenylacetic acid), which is not present in the urine of normal individuals, 
to CO 2 and II 2 O via acetoacetic acid through normally functioning meta¬ 
bolic paths. Gross (cited by Garrod^) recorded one of the first cases of a 
failure in performing a chemical process due to a lack of enzymatic activity. 
The enzymatic ability to destroy homogentisic acid was present in blood 
serum of normal persons but not in blood of alcaptonurics. 

Another type of metabolic abnormality of this group has been found in 
phenylpyruvic oligophrenia {amentia)\ phenylketonuria.^'^ This is a con¬ 
dition characterized by imbecility and the excretion of phenylpyruvic acid. 
It is apparently connected with a disturbance in the metabolism of phenyl¬ 
alanine as determined by feeding experiments. 

Through an as yet unknown process tyrosine also acts as a precursor in 
melanin production. Tyrosinase and dopa (3,4-dihydroxyphenylalanine) 
oxidase are the enzymes involved in its formation. The absence of melanin 
(albinism) may be considered as another type of genetic block in this 
group.^ The general problem of pigmentation difference as a type of in¬ 
heritable chemical difference will be considered later. 

The following chart shows the paths of phenylalanine-t3Tosine metab- 

’ A. E. Garrod, Inborn Errors in Metabolism. 2nd ed., Oxford Univ. Press, London, 
1923. 

• A. Fdiling, Z. physiol. Chem. 227, 169 (1934). 

• L. 8. Penrose, Lancet 2. 192 (1935). 
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olism and the location of genetic blocks responsible for the above dis¬ 
orders. T 3 rrosinosis is included in the chart, but since only one case is on 
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Fig. 1 . Phenyialanine'tyrosine metabolism in man and associated '^genetic blocks” 
(based on Haldane*). 

record its genetics has not been determined. It is characterized by the 
excretion of p-hydroxyphenylpyruvic acid.^ 
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(2) Other chemical anomalies in man. A number of other disorders of 
man, the chemistry of which is either vague or complex, have been at¬ 
tributed to genetically acquired disorders of metabolism and characterized 
by accumulation or excretion of abnormal products (intermediates).®* ^* 
These are: (a) Cystinuria, a condition in which appreciable amounts of 
cystine app>ear in the urine. It has been alternately considered as an error 
in general protein metabolism of which cystine is only one factor, or as an 
error of deamination in which the amino acid is excreted as such, (b) 
Hematoporphyria congenita (congenital porphyrinuria), which is character¬ 
ized by red urine due to deposition of excess porphyrin, (c) Pentosuria^ 
pentose in the urine, (d) Congenital steatorrhea^ an error in fat utilization 
characterized by fatty stools and presumably associated with a disorder of 
the pancreas, (e) Amaurotic idiocy {Tay-Sach^s disease) which is probably 
a defect in lipide metabolism characterized by excess deposits of lipides in 
the ganglia and glia cells of the brain and often associated with abnormal 
deposition of phospholipides (Niemann-Pick's disease), (f) Xeroderma pig¬ 
mentosum^ a dermatological manifestation of congenital hypersensitiveness 
to the action of light, (g) Glycogen storage {von Gierke's disease) ^ a congenital 
anomaly in which there is an accumulation of glycogen. Though its mecha¬ 
nism has not been determined it is probably due to a defect in the glyco- 
genolysis sequence. 

(3) Uric acid excretion in the Dalmatian dog. A recessive characteristic 
exists in the Dalmatian coach hound whereby more nitrogen is excreted as 
uric acid (2-3%) than normal (0.2“0.4%)."“'^® This type of uric acid 
excretion is normally the main product of nitrogenous metabolism of 
reptiles and birds. The other non-primate mammals can oxidize uric acid 
to allantoin by the enzyme uricase. In accordance with the developed con¬ 
cept of abnormal excretion as a result of an inheritable error in metabolism, 
the failure of the liver of the Dalmatian dog to convert uric acid to al¬ 
lantoin would be expected. However, Wells^® and Klemperer et could 
find no differences in enzyme concentration in the liver of normal and 
Dalmatian dogs and thus concluded that there was no quantative relation¬ 
ship between uric acid excretion of the Dalmatian and uricase content. 

(4) Are aU abnormal products inborn errors of metabolism? In those cases 
in which the chemical expression is one of an increased urinary excretion of 
an intermediate metabolite we must consider the possibility that the 

*®M. Bodansky and O. Bodansky, Biochemistry of Disease. Macmillan, New 
York, 1940. 

“ S. R. Benedict, Harvey Lectures 10, 346 (1915-16). 

** H. Onslow, Biochem. J. 17,334,664 (1923). 

** H. C. Trimble and C, E. Keeler, J. Heredity 29,281 (1938). 

H. G. Wells, J. Biol. Chem. S6, 221 (1918). 

F. W. Kemperer, H. C. Trimble, and A. B. Hastings, J. Biol. Chem. 126, 446 
(1938). 
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situation is not a chemical defect but rather an anomaly of kidney excre¬ 
tion. It is possible that the difference may not be due to lack of an enzyme 
but may be caused by a genetically inherited abnormality in the secretory 
function of the kidney. Such a high rate of renal secretion would remove the 
intermediate from the body before it could be metabolized. Neuberger, 
et and Friedman and Byers^^ have considered this in the cases of 
alcaptonuria in humans and uric acid excretion in the Dalmatian, re¬ 
spectively, and offer experimental data to indicate that this may indeed 
be the fundamental anomaly. 

Aside from this possibility, abnormal products of excretion or accu¬ 
mulation may arise from mechanisms other than accumulation of the 
precursor to a blocked reaction. Glucuronates may be found in detoxification 
mechanisms. Metabolic perversions such as Bence-Jones protein may occur 
under pathological conditions. Structural changes in the thyroid and pan¬ 
creas may be associated with functional metabolic disorders. Several 
products are the result of bacterial action (indole, urobilin, indoxyl). 
On this basis a survey on a broader scale of the other cases of abnormal 
excretory products would be required. 

b. Pigmentation 

Pigmentation is one of the few of several morphogentic characters which 
may be expressed in chemical terms. The types of pigmentation which have 
been extensively studied from this point of view are (1) melanin production, 
(2) flower pigment, and (3) eye color in insects. 

(1) Melanin production. Melanin is a pigment of unknown chemical 
structure formed from the precursors, tyrosine and 3,4-dihydroxyphenyla- 
lanine (dopa). The principle enzymes involved are tyrosinase and dopa 
oxidase. Differences in tyrosinase or dopa oxidase content of skin extracts 
from pigmented and albino laboratory mammals have been demonstrated 
and reported by many.Since the presence or absence of pigment involves 
not only the presence or absence of enzyme, but also formation and 
presence of chromogen (tyrosine?), temperature, pH, secondary catalysts, 
chemical inhibitors, and other chemical elements that cannot be clearly 
described, the mechanism remains beyond simple definition. Several com¬ 
prehensive critiques deal with the complexities of this problem.* 

“ A. Neuberger, C. Rimington, and J. M. G. Wilson, Biochem. J. 41, 438 (1947). 

” M. Friedman and S. 0. Byers, J. Biol. Chem. 175, 727 (1948). 

F. M. Durham, Proc. Roy. Soc. London 74, 310 (1904). 

H. Onslow, Proc. Roy. Soc. London BS9, 36 (1915). 

B. Bloch, Z. physiol. Chem. 98, 226 (1917). 

P. Koller, J. Genetics 23, 103 (1930). 

“ D. C. Charles, Genetics 28, 623 (1938). 

*•8. Wright, Biol. Symposia 6 , 337 (1942). 

** C. E. M. Pugh, Biochem. J. 27, 475 (1933). 

** R. Goldschmidt, Physiological Genetics, let ed., McGraw-Hill, New York, 1938. 
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The work of Danneel and Schaumann (reviewed by Danneel^®) has con¬ 
tributed greatly towards the clarification of this problem. Working with the 
Himalayan rabbit (white with black extremities) they related melanin 
formation to a chain of three reactions which are interdependent. These 
are: 1) a reaction that is suppressed by x-rays and is involved in the for¬ 
mation of the Golgi apparatus and lipochondria of cells. 2) An aerobic 
formation of dopa oxidase that occurs in black rabbits even under high 
temperatures, but is temperature sensitive in Himalayan rabbits and 
completely absent in albinos. 3) A reaction following this of pigment pro¬ 
duction that requires oxygen and is inhibited by cyanide. 

(2) Flower Pigmentation, The chemistry of flower pigmentation has been 
extensively analyzed. The conditions that determine the existence of a 
particular color are rather complex; the details may be found in several 
excellent reviews.®**®*®^*“ In general, the color depends on the existence 
of either one pigment, where it depends on the type of pigment and pH 
(indicator), or several pigments where it depends on combination effect, 
background effect, or copigment effect. The pigments involved are plastid 
pigments (carotin, xanthophyll), anthoxanthins (flavone derivatives, e.g., 
quercetin), anthocyanins (anthocyanidin glycosides, e.g., pelargonidin 
(lOH), cyanidin (20H), delphinidin (30H)), chalcones (e.g., butein) and 
flavocyanins. The particular pigment derivatives involved depend on 
OH position, glycoside position and type, methylation of OH, pH control, 
organic acid additions, and oxidations. Genes exercise highly specific 
action upon these synthetic chemical processes as determined by the 
prevention of the above reactions by the mutated genes. Though it is 
thought that the mutated genes may operate to control the rates of the proc¬ 
esses concerned with the specific enzymes involved, it is difficult to draw 
conclusions on the exact mechanism since the particular catalysts involved 
exist by assumption only. Enzymatic differences between wild and mutant 
varieties have, as yet, not been determined. 

(3) Eye color in insects, A complex analysis of a pigment system has 
evolved through studies of eye color variation in mutants of such insects as 
Drosophila, Ephestia, and Bombyx. The red eye color of the wild type 
Drosophila melanogaster (fruit fly) is controlled by two pigments; a water- 
soluble red (basic side) pH indicator and a brown water-soluble pigment. 
Both of these may act as 0/R indicators in that they may be reversibly 
oxidized and reduced to leuco forms. The nature and absolute amount of 
the pigments and the equilibrium between oxidized and reduced forms are 
genically controlled by way of enzymes. The many variations of eye color 
in Drosophila are expressions of a disorganization of the complex con- 

R. Danneel, Erg^, Biol, 18, 55 (1941). 

” R. Scott-Moncrieff, J, Oeneiica 117 (1936). 

W. J. C. Lawrence and J. R. Price, Biol, Revs, Cambridge Phil, Soe, 16,35 (1940). 
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tinuity of the necessary prerequisites leading to the normal eye pigment of 
the wild type. The details of the chemistry, physiology and genetics of these 
processes may be found in several reviews by Ephrussi,**•**, Beadle and 
Tatum,” and Caspari.”* 
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One very important precursor is a diffusible substance of hormonal 
nature required to release a process which can then continue in its absence. 
It has been identified as kynurenine and is identical with both the 


** B. Ephrussi, Cold Spring Harbor Sympotia Qmni, Biol. lOt 40 (1942). 
B. Ephrussi, Quart. Rev. Biol. 17, 327 (1942). 

G. W. Beadle and E. L. Tatum, Am. Naturaliei 75, 107 (1941). 
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hormone/' the essential defect of the Vermillion Drosophila mutant, and 
the *‘a+ hormone" absent in the red eye mutant of Ephestia (meal moth). 
Kynurenine is formed by the oxidation of tryptophan. The actual block in 
mutants not containing it appears to be the initial oxidation of trypto¬ 
phan to a-oxytryptophan since the latter can produce pigment when 
injected into the Ephestia mutant.®* Caspari®® has made an extensive study 
of the nature of kynurenine lack in Ephestia mutants and has correlated 
it with increased tryptophan accumulation, inhibition of tryptophan oxi¬ 
dation and general protein changes with profound concomitant biochemical 
alterations. 

The complexities of eye color variation in insects has been reduced by 
Kkkawa®^ to four main reactions controlled by four enzymes dependent on 
the presence or absence of the genes controlling them. Several side reactions 
may also be present which may influence the concentrations of the inter¬ 
mediate substrates and precursors. For example, kynurenine may be 
diverted from the pigment producing sequence to the formation of o- 
amino acetophenone, anthranilic acid, or kynurenic acid. Likewise, tryp¬ 
tophan availability or diversion is influenced by its indole derivatives. 

In conclusion, since we have no knowledge of the enzymes involved, the 
entire analysis of the relation of the genetics of eye color in insects to 
enzymes must, at best, be based on assumptions. However, since enzymes 
must be concerned hi the catalysis of the various steps and since the 
specificity of genes is of the same order as the specificity of enzymes, the 
assumptions seem probable. 

c. Differences in Enzyrnatic Reactions 

(1) Xanthophyllase in rabbits. Another type of pigment variation is found 
in the yellow fat of a mutant rabbit.®® ®® Fat soluble xanthophyll pigments 
in foods are responsible for the color. The fat of the ordinary rabbit is 
colorless due to the enzyme, xanthophyllase, which destroys the pigment 
by oxidation. The liver of the yellow-fat rabbit is lacking in this enzyme. 
The failure to inherit the enzyme is controlled by a simple recessive, 
genetically linked with skin and hair pigmentation. The lack of fat pig¬ 
mentation, however, may be independent of gene control since the rabbit 
lacking xanthophyllase will not develop yellow fat when kept on a carotene 
and xanthophyll deficient diet. 

This demonstration of a specific enzyme lack introduces us to a type of 

•* A. Butenandt, W. Weidel, and E, Becker, Naturwissenschaften 447 (1^0). 

»‘E. Caspari, Oenelics 81, 454 (1946). 

••H. Kikkawa, Genetics 26. 687 (1941). 

»»S. G. Willimot, Biochem. J. 22, 1057 (1928). 

»• W. E. Caatle, Proc. Natl. Acad. Sci. U. S. 19, 947 (1933). 
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genetically acquired chemical difference characterized by the presence or 
absence of specific enzymatic reactive systems. In general, all chemical 
differences have been explained on the basis of enzyme reaction changes, 
but only a few have been experimentally demonstrated to be a result of a 
definite lack of enzyme activity. 

(2) Atropinesierase in rabbits. Some rabbits possess in their blood serum 
an enzyme ‘‘atropinesterase” capable of hydrolyzing atropine and mono- 
acetylmorphine.^^’®^ This peculiarity is inherited in a gene which is in¬ 
completely dominant and associated with the gene for the extension of 
black pigment in the coat. 

(3) Amylase. Strong amylase activity of digestive juice and body fluid 
of silkworm larvae has been shown to be genetically dominant over weak 
activity (cited by Wright^. 

A difference in amylase activit}'' is also reported to be responsible for 
differences in starch make-up of waxy and normal com.®® 

(4) Cyanogenesis in white clover. Certain strains of white clover {Trifolium 
repens) contain HCN derived from cyanogenic glucosides and the enzyme 
necessary to hydrolyze them. The glucosides have been identified as lotaus- 
tralin and linamarin, which yield HCN, a glucose, and a ketone (eth^l 
methyl ketone for the former and acetone for the latter) under the hydro¬ 
lytic action of the enzyme, linamarase. Various strains exist which contain 
the glucosides alone, the enzyme alone, neither, or both. The differences 
among the strains are controlled by two independent dominant factors, 
one determining the ability to produce the cyanogenic glucosidic substrates 
and the other determining the presence of the enzyme. This offers one 
of the best evidences for gene-enzyme control in that in vitro cyanogenesis 
could be produced by the addition of extracts from acyanogenic plants, 
one providing the substrates and the other the enzyme.^® 

(5) Genetically controlled fermentations in yeast. Lindegren and Spiegel- 
man have reported that the ability of yeasts to ferment mclibiosc^^ and 
galactose^ after having been grown in their presence is genetically controlled. 
The details and further genetic implications of these relationships may be 
found in resumes by Lindegren^^ and Spiegelman.^® 

” D. Click and 8. Glaubach, J. Gen. Physiol. 26, 197 (1941). 

*• P. B. Sawin and D. Click, Proc. Natl. Acad. Sci. U. S. 29, 65 (1943). 

»• R. A. Brink, Quart. Rev. Biol. 4, 520 (1929). 

8 . 8. Atwood and J. T. Sullivan, J. Heredity 94, 311 (1943). 

8 , 8. Atwood, Advances in Genetics 1, 1 (1947). 

C. C. Lindegren, 8. Spiegelman and C. Lindegren, Proc. Natl. Acad. Sci. U. S. 
90, 346 (1944). 

**C.C. Lindegren, Ann. Missouri Botan. Garden 92, 107 (1945). 
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d. MuUUtona Involving Growth Factor Requirements in Neurospora 

The final type of inheritable chemical variation to be considered involves 
the analysis of mutants that require various chemical agents for essential 
physiological functions. The extensive work with the bread mold, Neuro¬ 
spora, by Beadle and his associates, has been the most fruitful in providing 
further foundation for the concept of genic control of enzyme activ- 
jty2-5,4»-4» Similar work has been done recently with the mold, Ophiostoma.^® 
The chemical mutations involved in these molds are reminiscent of the 
earlier and much criticized work with the green flagellate, Chlamydo- 
monas.*^'^* In this case, the mutants obtained required specific ‘‘sex 
hormones” identified as carotenoid pigments and their derivatives, which 
were found to be necessary for motility, mating, and copulation activities 
of various mating t 3 q)es. This has been subjected to much criticism and its 
significance requires and must await confirmation by independent in¬ 
vestigations. 

By various mutagenic agents (x-ray, ultraviolet, mustard gas) a vast 
number of Neurospora mutants, as referred to above, have been obtained 
by Beadle and his associates which require for their existence preformed 
essential metabolites not required by the wild type. It has been deter¬ 
mined, by classical genetic methods, that these nutritive-requiring mutants 
differ from the wild type by only one gene and the inheritance of the specific 
synthetic deficiency is associated with the mutation of this gene. Several 
mutants have been demonstrated to operate in a given chain of reactions, 
each mutant being unable to perform a specific reaction in the chain. 
Since biochemical synthesis is a series of sequential reactions each catalysed 
by a specific enzyme, the production of the enzyme appears to be gene 
controlled. 

Thus, at the present time Neurospora presents the best material for sup¬ 
port of the one to yne relationship of gene to enzyme. One gene is said to 
control one enzyme. The strength of this hypothesis rests with the fact that 
the data so far obtained are not incompatible with the concept. It does not 
preclude the possibility of incompatibilities which have not yet been 
recognized because of difficulties inherent in the isolation and maintenance 
of mutants which might, for example, require non diffusible nutrilites. 
As Delbruck” points out, the demostration of a one-gene control of several 

G. W. Beadle and E. L. Tatum, Proc, Natl, Acad. Sci. U. S. 27, 499 (1941). 

N. H. Horowitz, D. Bonner, H. K. Mitchell, E. L. Tatum, and G. W. Beadle, 
Am. Naturalist 79, 304 (1945). 

E. L. Tatum and G. W. Beadle, Ann. Missouri Botan. Garden 82, 125 (1945). 

D. Bonner, Cold Spring Harbor Symposia Quant, Biol. 11, 14 (1946). 

N. Fries, Nature 166, 767 (1946); 169, 199 (1947). 

F. Moewus, Ergeb. Biol. 18, 287 (1941), 

**T. M. Sonneborn, Cold Spring Harbor Symposia Quant. Biol. 10, 111 (1942). 

** M. Delbruck, tn discussion of D. Bonner^*, 
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en^es might necessitate the isolation and maintenance of such mutants, 
a technically difficult feat. A mutant requiring both isoleucine and valine 
has been analyzed and shown to be deficient in only one reaction.*^ The 
double requirement was a reflection of competitive antagonism between 
the accumulated precursor for the one end product, isoleucine, and the 
precursor for the other, valine. The possibility that more than one gene 
can control only one enzyme exists in the isolation of several mutants which 
appear to be blocked in identical reactions. For example, seven mutants are 
involved in the ornithine-arginine cycle, which consists of only three known 
stages. Indeed, each mutant may be involved in an unknown intermediate 
reaction, but until such reactions are established, this apparent incom¬ 
patibility still exists. It has been emphasized that an enzyme found to l)e 
lost or incapacitated as a result of a given mutation by no means proves 
that it has been directly derived from a corresponding gene. Further work 
may show that in some of these cases mutations in other genes may effect 
the given enzyme. It is too early to conclude that the one-to-one relation¬ 
ship really exists. Additional evidence is necessary. 

Whatever the genetic implications, the Neurospora material has pre¬ 
sented the biochemist with several practical tools. Thus, the number of 
different mutations affecting a particular biosynthetic .series is a reflection 
of the minimum number of steps involved. The use of this method in 
unraveling the mysteries of biosynthetic mechanisms is (juite impressive. 
From this analysis, we have gained information in the biosynthesis of 
tryptophan,®®'^® arginine,®’ methionine,®® nicotinic acid,®® purines and pyri¬ 
midines,and choline.®^ The specific requiring mutants have l:>ecn used 
for the bioassay of pyridoxine,®® p-aminobenzoic acid,®® choline,*’ inositol,®* 
leucine,®* lysine,’® adenine,®^ cytidine and uridine®^ (see also review by 
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Ryan”). The analysis of several mutants has also led to a system whereby 
the differences of exogenous and endogenous metabolism can be studied.^ 

2. Critique on the Assumed Direct Relationship between Genes 

AND Enzyme Synthesis 

At present, only two cases exist of the direct demonstration of an enzy¬ 
matic process that is lacking in the mutant but present in the wild Neuro- 
spora. The pantothenic acid-requiring mutant has been shown by Wagner 
and Guirard” to be unable to couple the two precursors, beta-alanine and 
pantoyl lactone, to form pantothenic acid. The wild strain could. Mitchell 
and I.cin” have shown that whereas the wild type could convert indole to 
tryptophan in the presence of the proper coenz 5 Tne (pyridoxal phosphate), 
the tr>’ptophan-requiring mutant could not. Later reports showed that 
neither of these two mutants were indeed lacking in specific enz 3 Tne ac¬ 
tivity. Wagner^** found that with variation in temperature conditions, the 
pantothenicless Neurospora mutant could produce pantothenic acid from 
pantoyl lactone and beta-alanine. He concludes that the enz 3 Tne is not 
lacking and that the mutant must possess a mechanism which prevents 
this enz}Tne from functioning. Gordon and MitchelP*** in investigating the 
inability of the extracts from the tryptophanless mutants to perform the 
indole-serine conversion to trj'ptophan found that these extracts could in¬ 
deed demonstrate such activity when dialyzed, fractionated with ammo¬ 
nium sulfate or when the inycelia were thoroughly washed with distilled 
water. Since extracts from normal cells, as well as a number of naturally 
occurring amino acids, could inhibit these activated mutant preparations, 
the lack of activity in vivo may also be due to inhibited processes. These 
findings serve to emphasize the fact that genetic blocks can be expressed 
only as a lack of enzjTnatic ability and not loss of enzyme, per se. 

Several other cases of direct demonstration of the incapacitation of an 
enzymatic reaction 4n mutants as compared with the wild type have been 
recorded above. In all cases, the interpretation is that the absence of an 
activity is due to the lack of the enzyme. Its synthesis has not occurred. 
It must be emphasized at this point that there is no evidence that the 
failure to perform the particular reaction is definitely a factor of enzyme 
lack per se. 

Consideration must be taken of the various factors which might influence 
optimal enzymatic activities in these systems other than the absence of the 
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specific enzyme. The latter may indeed be present, but for various reasons 
it may be unable to manifest itself. 

(1) The presence of inhibitors has been suggested as an important con¬ 
sideration in the prevention of the enzymatic process. Inhibitors of melanin- 
producing enzymes have been found in skin extracts of albino laboratory 
mammals.^*'The inability of the red-eye Ephestia mutant to trans¬ 
form tr 3 rptophan to k 3 aiurenine has been associated with an inhibition of 
this reaction.” The inability of the two Neurospora mutants to perform 
their respective biosynthesis as discussed above may also be considered as 
possible inhibited reactions. 

(2) The difference in activity as a result of coenzyme lack has been ruled 
out in at least one case,” but it may be involved as the missing factor in 
other instances. Particularly related to this problem is the demonstration by 
Kidder and Dewey^® of the inability of several protozoa and fungi to syn¬ 
thesize thiamine. This deficiency was associated with the lack of ‘‘S factor*’ 
which serves as the prosthetic group for the enz 3 nne coupling pyrimidine and 
thiazole to give thiamine. It is also apparent that the enzymes responsible 
for the production of the coenz 3 nne may be the ones affected. It becomes 
necessary, therefore, not to limit the analysis of a synthetic system to one 
reaction and concluding, a priori^ therefrom that the inability to perform 
such a reaction is the reflection of a specific enzyme deficiency. 

(3) The availability of a precursor of a blocked reaction depends on the 
velocities of the alternate reactions involved in its synthesis and efficient 
utilization. Several reactions may be proceeding at various controlled rates, 
one of which leads to the precursor. A diversion of velocities by alteration of 
rate-regulating mechanisms may accelerate another reaction along other 
channels so that the normal precursor is not formed or formed more slowly. 
Furthermore, its utilization may be likewise diverted along other paths to 
form new products or cause an ineffecient rapid breakdown. Caspari” has 
considered these possibilities as an explanation for the nonavailability of 
kynurenine for the production of eye pigment in insects. Either trypto¬ 
phan may be diverted through accelerated deamination processes thus 
preventing kynurenine formation or the kynurenine formed may suffer 
a shift toward greater velocities in the formation of anthranilic acid, 
kynurenic acid, and other nonpigment-forming substances (Fig. 2). A 
Neurospora mutant requiring adenosine accumulates an abnormal purple 
pigment.” This has been explained on the basis of the precursor utilization 
being diverted from its normal formation of adenosine through inosine to 
the formation of the abnormal pigment. That the pigment can be formed 
indicates the presence of a potential system whose rate is normally sup¬ 
pressed in favor of the more economical formation of adenosine. The 

Ginsburg, Geneiicn 29, 176 (1944). 
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velocities of these many potential reactions must be under strict control 
of some rate-regulating mechanism. Barron^® has suggested that gluta¬ 
thione may act as such a rate-regulating substance. Spiegelman et alP 
have demonstrated the inhibition of rate determining reactions with sodium 
azide which resulted in uncoupling of anaerobic oxidative phosphorylations 
with increased utilization of substrate. McElroy^® and Clifton^* have 
recently reviewed the aspects of this subject. At any rate, the observed 
impaired activity may be a factor of an as yet ill-defined system of velocity 
balance betw’een several possible reactions. The role of hormones in regulat¬ 
ing enzymatic activity will be considered later. 

(4) A final consideration may be the formation of an enzyme protein 
altered in specificity or otherwise inactive. Thus, the mutated gene may 
not prevent the synthesis of the enzyme but may lead to the production of 
an impaired form or one of more restricted stability, for example, as regards 
temperature or pH. An example of the inheritability of the impairment of 
the enzyme protein was described by us.*® Pneumococci rendered resistant 
to atabrine showed impaired dehydrogenase activity resulting from an 
alteration of the protein moiety of the flavoprotein enzyme. This enzyme 
could readily be inactivated by temperature and dilution, and reactivated 
in the presence of high concentration of riboflavin. Riboflavin contents of 
the susceptible and resistant cells were quantitatively alike. The impair¬ 
ment is due to a loss of affinity between the protein and its coenzyme. In the 
atabrine-resistant cells the flavoprotein was greatly dissociable, leading to 
enzyme inactivation or impairment. High concentrations of preformed 
riboflavin were required to shift the equilibrium from right to left and thus 
restore the impaired activity. Many other factors are necessary for optimal 
enzymatic activity and it would be superfluous to list them all in a treatise 
of this sort. 

(5) The mutation may be other than an effect on an enzymatic process as 
evidenced by abnormal function of excretory mechanisms (alcaptonuria 
and uric acid excretion). This may be more logically applicable to the higher 
animals where secretory functions may be impaired. However, a similar 
analysis may be applied to the lower organisms through alterations in cell 
permeability or lack of ability to concentrate and/or assimilate required 
substances. 

The influence which the gene exerts on the enzyme is unknown. The 
relation between gene and observed character must of necessity be rather 
indirect. How the gene acts still remains undetermined and its unraveling 
must await further information on protein synthesis and gene replication 
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IL Viruses and Enz]rmes 

The obligate parasitism of viruses is the most fundamental characteristic 
and property that serves best in distinguishing them from bacteria. Very 
little is understood concerning mechanisms of invasion and proliferation of 
viruses in host cells or what part the host plays in their propagation. The 
synthesis of the virus particles must involve catalysts provided by the virus 
or host, or both. So far, studies with analytical procedures known in 
enzymology have failed to indicate the possession by isolated viruses of 
enzymatic abilities, or at best very restricted ones. One passibility is that 
the viruses possess partial enzymatic systems that must be complemented 
and completed by host factors. The final alternative is that viruses are 
completely devoid of independent metabolism and the enzymes required 
for their increase in number must be provided by the host cells. Two general 
approaches to this problem have been made: (1) an analysis of virus parti¬ 
cles for enzymatic ability, and (2) a comparison of metabolism of normal 
host cells with infected cells. 

1. Enzyme Activities op Free Virus Particles 

In order to determine conclusively whether virus particles can perform 
enzymatic reactions, pure uncontaminated suspensions must be assured. 
Those plant viruses which have been crystallized in the form of nucleo- 
proteins have been found to be completely devoid of independent metab¬ 
olism. However, MacFarlane and Dolby** have reported slight phosphatase 
activity in tobacco mosaic virus and in bushy stunt virus. The primary 
diflSculty encountered in determining whether virus particles have meta¬ 
bolic activities is the inability of obtaining suspensions free from host 
materials in concentrations suflSciently high to permit study. Vaccinia 
elementary bodies and bacteriophage have been obtained in compara¬ 
tively pure form by methods primarily involving differential ultracentrifu¬ 
gation. 


a. Vaccinia Virus 

Parker and Smythe** found no evidence of oxygen uptake or acid produc¬ 
tion by vaccinia elementary bodies in the presence of glucose, hexose 
monophosphate or methylene blue. MacFarlane and Salaman** using 2:6- 
dichlorophenolidinophenol in place of methylene blue as a hydrogen accep< 
tor, could demonstrate no dehydrogenase activity by elementary bodies in 
the presence of glucose, hexose monophosphate, succinate, a-glycerophos- 

M. G. MacFarlane and D. E. Dolby, Brit. J, Exptl. Path, 21,219 (1940). 

« R. F. Parker and C. V. Smythe, J. Exptl. Med. 66, 109 (1937). 

** M. G. MacFarlane and M. H. I^aman, Brit. J. Exptl. Path. 19,134 (1938). 
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phate, lactate, acetate, formate, malate, glycine, alanine, leucine, and 
peptone. However, the virus suspensions did exhibit marked activity for 
both catalase and phosphatase. Since the lack of dehydrogenase activity 
may have been a factor of coenzyme removal by repeated washings, Mac- 
Farlane and Dolby*^ later repeated the experiments for determination of 
dehydrogenase ability in the presence of the proper coenzymes. Negative 
results were still obtained for lactate, triosephosphate, hexose mono¬ 
phosphate, and alanine dehydrogenases in the presence of coenzymes I and 
II, flavin-adenine-dinucleotide and yellow enz 3 rme of Warburg. The prepa¬ 
rations were also negative for zymohexase, enolase, alpha- and beta-gluco- 
sidases and nucleosidase activities. However, demonstrable activity was 
exhibited for phosphomono- and diesterases, and ability to hydrolyze 
ribonucleic acid and adenosine-5-phosphate. The latter was the most 
actively hydrolyzed in comparison with beta-glycerophosphate and ade- 
nosine-3-phosphate. 

Hoagland et al.^ confirmed the absence of dehydrogenase activity in the 
presence of malate, succinate, lactate, and pyruvate and were also in 
agreement with the previous report that vaccinia elementary bodies possess 
phosphatase and catalase, as well as lipase, activity. The obvious inter¬ 
pretation of possible host contamination or activity adsorbed from detritus 
was considered. When lipase and catalase were added to elementary body 
suspensions, marked adsorption of the enzymes occurred as determined by 
great increase in activity after adsorption. Thus, the virus can effect an 
enormous concentration of enzymes out of dilute solutions. This indicates 
that the demonstrable activity could have come from cell detritus by 
adsorption which could not be removed by repeated washing. Some selec¬ 
tive adsorption does exist since urease could not be adsorbed. Hoagland 
et also showed the absence of c 3 rtochrome oxidase and any demon¬ 
strable cytochrome system. 

Purified vaccinia bodies were found to contain copper,*^ flavin-adenine- 
dinucleotide,*® and biotin.*^ The copper was present in concentrations of 
0.05% of the dry weight of virus. The flavine-adenine-dinucleotide was 
identified by use of D-amino acid oxidase and it could participate in the 
oxidative deamination of D-alanine; it was present in concentrations com¬ 
parable to that found in most cells but less than that found in yeast. The 
presence of these substances, which can be linked with enzyme and respira- 

C. L. Hoagland, 8. M. Ward, J. E. Smadel, and T. M. Rivers, J. Exptl Med. 76, 
163 (1942). 

C. L. Hoagland, 8. M. Ward, J. E. Smadel, and T. M. Rivers, J. Exptl. Med. 74. 
69 (1941), 

•• C. L. Hoagland, 8. M. Ward, J. E. Smadel and T. M. Rivers, J. Exptl. Med. 74, 
133 (1941). 

C. L. Hoagland, S. M. Ward, J. E. Smadel, and T. M. Rivers, Proc. Soc, Exptl 
Biol Med. 45, 669 (1940). 
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tory systems, suggested that vaccinia virus possesses incomplete metabolic 
systems necessary for its survival but relies in part, or even in the main, 
upon its intracellular environment for substituents allowing their comple¬ 
tion. Thus, the lack of dehydrogenase activity would be expected if only a 
partial make-up is present. The presence of FAD, however, is no proof 
that it exists as an integral part of the virus organization and that its 
function is metabolic. Furthermore, it is difficult to conceive of the existence 
of only one portion of a system to the exclusion of the many other coen- 
Z 3 mies and substances necessary for its metabolic completion. 

In general, there is no conclusive evidence that the enz}anatic activities 
recorded are initimately associated with the functions of the virus particles. 
The observations that vaccinia particles are able to adsorb enzymes from 
solution suggests that the demonstrated activities were derived from the 
host celts and associated with readily sedimented components. Schmitt** 
has stated that, in view of their great surface and relatively mild treatment 
of isolation, it is not surprising that enzymes have been found associated 
with particulates. Whether the enz 3 rme is an integral part of the particulate, 
whether it has been adsorbed nonspecihcally, and whether it bears certain 
specific enzymes to the exclusion of other particulates, are questions whose 
answers must be awaited. It is interesting that the enzymes found are known 
to be in high concentrations in the host cells, in detritus, and in leucocytes. 
No enzyme has been found that is not present in normal host ceils and that 
could not be accounted for on the basis of adsorption. 

b. Bacterial Viruses {Bacteriophage) 

The action of bacterial viruses on their hosts produces lysis and a pre- 
siimable removal or dilution of bacterial substances by the process of lysis, 
and subsequent proteolysis. The lyzates are, in effect, phage suspensions of 
fairly high concentration. Further purification can be accomplished by 
differential ultracentrifugation. To date, it has not been conclusively demon¬ 
strated that bacterial viruses, in lyzates or centrifuged suspensions, have 
any marked demonstrable enzymic activity of their own. 

As early as 1923 Fejgen and Supniewski** reported the absence of catalase 
and reductase activity in dysentery phage lysates. They, however, erro¬ 
neously concluded that since all living material must possess these enzymes, 
the bacteriophages were therefore nonliving and nonparticulate. Bron- 
fenbrenner*® was unable to determine respiration in active (5 X 10*® to 1 
X 10**) Staphylococcus phage filtrates or in substance precipitated from 

•• F. O. Schmitt, Advances in Protein Chem. 1, 25 (1944). 

** B. Fejgen and J. Supniewski, Compt. rend. toe. biol. M, 1386 (1923). 

** J. J. Bronfenbrenoer, Free. Sec. Exptl. Biol. Med. 28, 81 (1924). 
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these filtrates. Bachman and Wohfield®^ and Wohfield” also found coliphagie 
unable to utilize oxygen or evolve CO 2 . Though McKinley and Coulter** 
found slight evolution of (j 02 by coliphage, they attributed it to increased 
growth rate of the bacteria rather than phage activity. 

Eaton*^ reported that Staphylococcus cultures lysed by bacteriophage 
could continue to utilize oxygen and give off CO 2 for some time and the 
rate of oxygen consumption was greater than could be accounted for by 
the number of intact host cells present. Though the oxygen uptake may 
have been due to autoxidation, the CO 2 evolution indicated to him a 
metabolism of either the phage itself, or some product of the action of the 
phage in bacteria, or a result of a combination of factors. Wynd and 
Bronfenbrenner** were unable to confirm this on Staphylococcus lyzates 
with microrespiration techniques sensitive to 0.0002 mg. of oxygen. 

The latter workers also found that lysis does not destroy bacterial cata¬ 
lase. Lominski** also demonstrated catalase activity in Staphylococcus 
lyzates and found it proportional to the number of cells that undergo lysis. 

Phosphatase activity, using hexosediphosphate as substrate, was demon¬ 
strated in centrifuged phage suspensions by Schiiller.*^ This activity could 
not be related to lytic action of the phage since bone and kidney phospha¬ 
tase had no lytic activity. He was unable to find trypsin, papain, lipase, 
amylase, maltase, catalase, arginase, and urease activities in the phage 
suspensions. 

From the above presented data it can be seen that no clear-cut evidence 
of metabolic activity of either purified phage preparations or concentrated 
lyzates has as yet been demonstrated. 

c. Virus Hemagglutination 

The possibility that viruses may indeed possess a unique enzyme system 
has found recent support in the study of the phenomenon of hemagglutina¬ 
tion by various viruses. Hirst** and McClelland and Hare** first demon¬ 
strated the ability of influenza virus to bring about the agglutination of 
erythrocytes of several species, particularly human and chick. This phe¬ 
nomenon has also been demonstrated with Newcastle disease virus,^*® 

W. Bachmann and T. Wohlfield, Zentr. Bakt. ParasiUnk, Abi, /., Orig, 104, 
266 (1927). 

•»T. Wohlfield, Z. Hyg. Infeckiionakrankh. 108, 733 (1928). 

•• E. B. McKinley and C. B. Coulter, Proc. Soc. ExptL Biol, Med, 24, 685 (1927). 

M. D. Eaton, Jr., /. Bact, 21, 143 (1931). 

•• F. L. Wynd and J. J. Bronfenbrenner, J, Bact. 88,659 (1939). 

•• I. Lominski, Compi. rend. eoc. hiol. 118, 839 (1934). 

” H. Schuller, Biochem. Z. 276, 254 (1935). 

••G. K. Hirst, Science 94, 22 (1941). 
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F. M. Burnet, Auetralian J. Expil. Biol. Med. Set. 20, 81 (1942). 
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fowl plaguemumps/®* vaccinia/®* and variola.^®^ Hirst^®* postulated the 
enzymatic nature of this reaction on the basis that the virus can be eluted 
from the agglutinated cells rendering them inagglutinable by fresh virus, 
yet the eluted virus is still capable of agglutinating fresh red blood cells. 
This would imply a substrate site (receptor) on the erythrocyte which 
can be acted upon by a virus enzyme that changes it to a nonreceptor form. 
The virus enzyme is then easily dissociated from the complex in unchanged 
and still active form. Hirst'®® demonstrated similar receptors in ferret 
lung cells and postulated the enzymatic destruction of these receptors as a 
necessary preliminary of infection by the virus. 

An enzyme essentially similar to the virus enzyme was found to be present 
in soluble form in culture filtrates of Vibrio cholerae ^^'^•'®® This enzyme is 
capable of removing receptors from erythrocytes in the same manner as 
the virus and has thus been designated as the Receptor Destroying Enzyme 
or RDE. Stone'®® demonstrated a close correspondence between the virus 
and RDE and concluded that they are essentially similar in nature. RDE 
has also been shown to be able to remove receptors for influenza virus from 
mouse lung."® Burnet"®* produced antibody against RDE which inhibited 
the biological functions of RDE. 

If the substrate were available in free form separate from red blood cells, 
the study of the action of both virus and RDE would Ixj greatly facilitated. 
De Burgh et a/.'" extracted and purified from human erythrocytes, as well 
as human lung, a substance containing 2.6% nitrogen and 50% polysac¬ 
charide which could inhibit hemagglutination by virus. Francis"* demon¬ 
strated the presence in human serum of an inhibitor of the hemagglutina¬ 
tion by heated influenza virus. Anderson"* then showed that this ‘‘Francis 
inhibitor” could be inactivated by the action of RDE as well as by the 
active viruses of the mumps-influenza group, which suggested that it may 
be the same substrate as the red cell acceptors. A noncellular alternate 

'®'D. Lush, J. Compt. Path. Therap. 53, 157 (1943). 

J. H. Levens and J. F. Enders, Science 102, 117 (1945). 
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F. M. Burnet and J. D. Stone, Australian J. Exptl. Biol. Med. Sci. 25,227 (1947). 
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source of substrate was thus made available. Serum mucoprotein and 
glandular mucins from ovarian cysts as well as the purified blood group O 
and purified receptor substances were shown to possess the same properties 
as the ‘Trancis inhibitor.Egg white was recently shown to contain a 
similar inhibitor.”®^* Thus, the substrate was characterized as a muco¬ 
polysaccharide protein complex (mucin) which can be inactivated by heat, 
proteases, and periodates; which can inhibit hemagglutination by heated 
virus but can not do so after having been acted on by active virus and 
RDE; and which is found on the erythrocytes of several species, mouse and 
ferret lung, cyst fluids, human serum, blood group 0 substance, egg white, 
and purified receptor substance. It is probably similar to the polysaccharide 
from Klebsiella which inhibits mumps hemagglutination^^^; and to apple 
pectin and the other polysaccharides which Green and Wooley^^® showed 
could inhibit both hemagglutination and mouse infection by influenza 
virus. Wooley*^® later purified a water-soluble supposed polysaccharide 
from human red blood cells which could antagonize the inhibition of hemag¬ 
glutination b}'' apple pectin. This ability to antagonize could be inactivated 
by active virus. 

Thus, the above data may indicate the existence of a mucinase type 
enzyme in those viruses which are capable of agglutinating erythrocytes. 
Since the evidence has been derived from biological rather than chemical 
tests, the tnie nature of this system must await further chemical and 
enzymological analysis. The more direct action of swine influenza vims on 
the egg-white inhibitor of hemagglutination was studied by Eckert et 
and shown to have a marked effect on reducing the viscosity of semipurified 
inhibitor substance. Though these reactions appear to be definitely involved 
in the adsorption mechanisms of viruses, their role in the propagation of the 
vimses within the host and the injury suffered by the host must be indirect 
if related at all. Excellent discussions of the general mechanism of hemag¬ 
glutination have been published by liurnet and his collaborators.*-®’ 
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2. Comparison of Activity op Virus Infected Cells with Normal 

Host Cells 

A promising approach towards an understanding of the enzymatic nature 
of virus action and its propagation within the host is offered by an examina¬ 
tion of normal and infected host cells. If an activity could be demonstrated 
in infected cells which was greater in magnitude or even peculiar to the 
infected cells, this could be a reflection of a diversion of normal metabolism 
of host cells towards an increased activity in one or more systems required 
for virus synthesis. Conversely, if the infected cell metabolism were mark¬ 
edly diminished, or even absent, this could be interpreted in terms of the 
nature of virus infection and mechanism of destruction of host cells, or, 
it might be another manifestation of diversion of activities, such as certain 
normal metabolisms being diminished in favor of increased abnormal 
processes necessary for virus propagation. 

a. Poliomyelitis and Western Equine Encephalitis (}VEE) 

Brodie and Wortis*® studied excised brain and spinal cord of normal 
monkeys and those experimentally infected with poliomyelitis virus. They 
could find no difference in RQ or lactic acid content. Racker and Rabat, 
however, found the anaerobic glycolysis of the brain tissue of mice infected 
with poliomyelitis to be inhibited 5—50%, though no change in oxygen 
consumption could be demonstrated. The endogenous dehydrogenase activ¬ 
ity was higher in infected tissue, but no difference was evident in the 
presence of substrates (glucose, lactate and succinate). The phosphatase 
activity of infected brain was high with nucleic acid and ATP as substrates 
but not with beta-glycerophosphate. Rabat et al.'^* and Rabat'** added 
additional evidence of interference with carbohydrate metabolism by 
demonstrating decrea.sed lactic acid, phosphocreatine and residual organic 
phosphate content, and ATP increase in infected brain tissue. Wood et 
and Utter et of.'** were unable to confirm an interference with anaerobic 
glycolysis in brains of experimentally infected mice. They criticized the 
previous findings as inadequate and emphasized the difficulty in finding 
measurable differences in tissue of which only a small portion of the total 
cells are damaged. Racker and Rrimsky***- '*» later demonstrated 45-85% 
inhibition of glucose and hexose monophosphate utilization by infected 
brain and localized the inhibition in the glucose phosphorylation mecha- 
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nisms since hexose diphosphate utilization was not disturbed. The inhibi¬ 
tion could also be demonstrated by the in vitro addition of virus to normal 
mouse brain. The inhibition of glycolysis could be prevented by the addi¬ 
tion of DPN and glucose. Since both tobacco mosaic and influenza virus 
could also inhibit normal mouse brain metabolism in like manner, the 
interpretation of these findings as to the nature of specific virus action 
becomes difficult. These workers later localized the inhibited site to be at 
the glyceraldehyde phosphate dehydrogenase step in the anaerobic break¬ 
down of glucose since the crystalline dehydrogenase could restore the inac¬ 
tivation. Ferrous salts and proteolytic enzymes could also cause inhibition 
which could be relieved in like manner by the crystalline enzyme. It was 
therefore postulated that inhibition of anaerobic glycolysis was due to the 
presence of nondialyzable iron in purified virus preparations which acti¬ 
vated a proteolytic enzyme (cathepsin Ill-like) in brain homogenates, which 
in turn destroyed the most susceptible triosephosphate dehydrogenase 
enzyme.^2^“ 

An inhibition (17-82%) of anaerobic glycolysis was also found in em¬ 
bryonic chick tissue 2 to 4 days after infection with western equine ence¬ 
phalitis virus Specific immune antiviral serum could protect 

against this inhibition. Nickle and Kabat*^* compared the inhibition of 
poliomyelitis and WEE infected mouse brain and found differences from 
normal oxygen consumption and anaerobic glycolysis as well as differ¬ 
ences in the types of inhiiution by the two vimses. 

fc. Respiratory Studies on Other Virus-Host Systems 

Bronfenbrenner and lleichert*^'^ found that emulsions of tissues infected 
with herpes and rabies viruses had no difference in respiration as compared 
with normal tissues. 

Kempner**'’ found demonstrable oxygen consumption and CO 2 evolution 
in plasma obtained from chickens suffering from fowl plague at the height 
of disciise. Normal plasma could not respire. Irvine-Jones and SchoenthaP^, 
however, could not confirm this with plasma taken from hog-cholera pigs 
or measles patients. Neither these nor the normal plasmas from respective 
hosts were able to show aerobic or anaerobic respiration. 

Bauer*®^ studied the dehydrogenase activity of brains from mice infected 
with yellow fever, lymphocytic choriomeningitis, and lymphogranuloma 
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inguinale. These were found to be significantly higher than normal brain 
tissue in xanthine oxidase and p 3 nruvic dehydrogenase. Activities in suc¬ 
cinate, lactate, alpha-glycerophosphate and malate showed no difference. 
He later infected chick embryos with yellow fever and followed the de¬ 
velopment of xanthine oxidase in membrane and embryo.*^® The infected 
embryos were nearly always higher than normal with increase noticeable 
on the 13th day. From 13th to 18th days, activity fell back to normal due to 
lessening of active proliferation of the virus. The additional activity was 
suggested to be an extra synthesis of enzyme required for the virus metab¬ 
olism. 


c. Enzyme Activities oj Tumors Resulting from Virus Action 

Barron'*’ found succinic dehydrogenase to be lacking or inhibited in 
tumor tissue of Rous chicken sarcoma and infectious myxoma of rabbits. 
Whereas normal tissue showed endogenous activity which was increased 
by the addition of succinate, the tumors produced by the viruses had a 
markedly reduced, or no, endogenous activity which was unaffected by 
succinate addition. Experiments with herpetic encephalitis (brain), rabbit 
virus III (testicle), neurovaccine Levaditi (testicle) and fowl pox (fowl eye 
and skin) were inconclusive because of high endogenous activity. A trend 
towards partial inhibition was, however, manifested. Rabbit myxoma 
also showed low respiration in glucose, and high aerobic and anerobic 
glycolysis with a U (0S>i — 2 QO 2 ) value (Pasteur reaction) of +1.5. 
Warburg'*® has characterized tumor growth with marked aerobic and 
anaerobic glycolytic activity and low respiration in glucose whereas the 
normal tissues (see Murphy and Hawkins'*® for exceptions) have high 
respiration, slight anaerobic, and no aerobic glycolysis (Pasteur effect). 
Thus, rabbit myxoma, an overgrowth produced by a virus, behaves in a 
similar manner. Crabtree'^® showed that all tissues characterized by active 
epithelial hyperplasia produced by viruses (fowl pox, vaccinia in chicks, 
and human warts) correspond to the characteristics of malignant tumors 
described by Warburg. Where there was no hyperplasia, such as vaccinia 
in rabbits and rabies in guinea-pig brain, the activity corresponded to that 
of the normal noninfected tissue. The Rous chicken sarcoma was found to 
be variable. Crabtree concluded that the characteristics of malignant 
tumor found by Warburg are not specific for malignant tissue but are a 
common feature of pathological overgrowths. 
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d. The Action of Bacteriophage on the Enzymatic Activities of the Host Cdls 

The experiments carried out with animal viruses are in the main rendered 
unreliable by the many uncontrolled variables inherent in such analyses. 
In all cases we find a rather crude reproducibility of results, which are 
obviously reflections of uncontrollable biological flux and variations. At 
present, it is impossible to determine or control the proportion of cells 
which are infected. If only a small proportion of the total cells are affected 
by the presence of the virus, their metabolism would be lost in the overall 
activity of the noninfected portion. Furthermore, since inflammatory 
processes are excited by the presence of the virus, the high enzymatic 
activity of leucocytes and other inflammatory proliferations would render 
the results uninterpretable. Additional difficulties are presented with the 
introduction of impurities, e.g., proteolytic enzymes. 

In the bacterial viruses, a system is available where most of these objec¬ 
tions do not exist. The number of cells infected can be accurately controlled; 
inflammatory variables are absent; and the bacteria can be easily purified 
for enzymatic studies. Surprisingly, however, little has been done in 
analyzing normal and infected bacteria for differences in metabolism. 

Cohen and Anderson^^^ found that there is no difference between the 
normal E. coli and those infected with coliphage Ta and T 4 as to rate of 
oxygen uptake and RQ. Cohen*^* discusses the enzymatic nature of the 
bacterial viruses in a recent review. In E. coli infected with phage T* there 
is increased production of desoxyribonucleic acid, which parallels the 
increase in the number of phage particles (Cohen‘S®). 

Monod and Wollman^^ demonstrated the inability of infected E. coli 
organisms to produce adaptive enzymes for the utilization of lactose. Both 
the normal and phage infected cells could utilize glucose but only the 
normal cells were able to utilize lactose. However, when the organisms were 
previously grown in lactose, utilization occurred regardless of the phage 
infection. 


nL The Relation of Hormones to Enzjrmes 

Hormones are chemical substances manufactured by specialized body 
cells in the endocrine glands. These glands, as chemical laboratories, are 
supplied by the blood stream with raw materials that are converted into 
hormones. The finished, highly potent products are returned to the blood 
stream and are distributed to every living cell in the body to perform 
specialized physiological functions. These glands are situated in various 
parts of the body. 
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Generally speaking, hormones regulate the rate or end point of bio¬ 
chemical or physiological reactions. Small amounts of hormones reaching 
all parts of the body, influence the functions of organs in the form of growth 
and energy metabolism. As regulators of growth and energy metabolism, 
trace amounts of hormones are adequate for exercising their functions. 
Enzymes mediate specific chemical reactions. Hormones may act through 
hiocatalysts and influence a sequence or chain of chemical reactions by 
acting on some key reactions in the system. However, within recent years, 
investigations on hormonal problems have showm a close interrelationship 
l)etween the hormonal function and enzyme activities of certain organisms. 
Enzymes are proteins with or without a prosthetic or a coenzyme group. 
On the other hand, nonprotein substances such as epinephrine (adrenaline), 
derived from the adrenal medulla, thyroxine, derived from the thyroid 
gland, and steroids derived from the ovarium and corpus luteum, testicle, 
and adrenal cortex exercise specific hormonal functions. The answers to 
the question of whether or not these factors exercise their function as 
chemical individuals per se or in combination with specific proteins, does 
not appear as yet to be conclusive. However, at least, thyroxine has been 
shown to be a component of thyroglobulin. Even in this case, the function 
of thyroxine may involve the participation of supplementary factors other 
than the specific thyroid globulin. For example, Rossiter^^^ found that, in 
the presence of glucose, pyruvate, or succinate, brain brei from thyroid 
and vitamin Bi treated rats has a higher oxygen uptake than brei from 
controls that received vitamin Bi only. In vitro addition of thyroglobulin 
causes an increase in oxygen uptake of brei of rat brain with both glucose 
and pyruvate. In vitro addition of thyroxine does not cause any increase 
under these conditions. 

The field is young and the picture to be drawn from the hormone- 
enzyme relationship is as yet incomplete. Under the circumstances, one can 
only sketch briefly the possible effects of hormones on the various overall 
enz 3 ane activities of organs. 


1, Insulin 

Insulin, isolated by Banting and Best in 1922, is dramatically helpful 
in diabetes, somehow aiding in carbohydrate oxidation as well as glycogen 
formation. The disapi)earance of ketosis may be seconrlary. 

a. Amino Acid Metabolism 

Bach and Holmes*^® reported that in in vitro experiments with sliced 
liver insulin inhibits the transformation of certain amino acids into carbo¬ 
hydrate and this inhibition is accompanied by a reduction in urea forma- 

R. J. Rossiter, /. Endocrinol. 2» 165 (1940). 

S. J. Bach and £. Q. Holmec, Bioehm. J. 31, 89 (1937). 
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tion. Stadie ei found that insulin inhibits the deamination of D-amino 
acids by liver slices, though the L-amino acids were not affected, indicating 
a relationship between insulin action and gluconeogenesis. The fact that 
liver slices from diabetic cats produce ketones at a higher rate than those 
from the normal animal, and that there is an inhibition of the formation of 
ketone bodies by insulin in the presence of fructose, fumarate, and lactate 
by diabetic liver slices has lent support to the view (Stadie et that 
insulin inhibits the formation of ketone bodies. 

6. Hexokinase Activity 

In in vitro studies, Price et Cori^^^*", and Colowick et 

reported that in muscle extracts from rats made diabetic with alloxan, 
the inhibition of the hexokinase reaction is abolished by insulin. A similar 
inhibition can l>e produced by addition of anterior pituitary extract to 
muscle extracts from normals. Here again insulin abolishes the inhibition. 
The view is expressed that the inhibition is due to the presence of an in- 
hibitor>’ substance which is counteracted by insulin. Certain cortical ex¬ 
tracts which alone have no effect on hexokinase in normal extracts, greatly 
intensify the inhibitory effect of added or previously injected anterior 
pituitary extract. With muscle extracts from diabetic rats, cortical extract 
alone often produces a marked and prolonged inhibition. This inhibition 
likewise is abolished by insulin. Insulin had no effect on the hexokinase 
reaction. The conversion of glycogen to lactic acid in muscle extracts was 
not inhibited by the pituitary. Repeating the experiments of the above 
investigators, Broh-Kahn and Mirsky**^* obtained fluctuating action by 
pituitary extracts. They extracted a substance from spleen which inhibited 
hexokinase, and the reversal by insulin of the inhibition was most incon¬ 
stant. They also found that the muscle extracts from rats rendered diabetic 
by alloxan displayed normal hexokinase activity which was not affected by 
insulin. On the basis of their results they concluded that the disorders of 
glucose metabolism are not necessarily due to an inhibition of hexokinase 
activity. Stadie and Haugaard'^^ studied the extracts of muscle from normal 
rats and from rats 3 to 20 days after alloxanization for hexokinase activity. 
Adrenal cortical extract with or without insulin did not show a significant 
effect on muscle extracts from either normal or alloxanized rats. The dia¬ 
betic state induced by alloxan was shown not to alter the rate of hexokinase 

W. C. Stadie, F. D. W. Lukens, and J. A. Zapp, J. Biol. Chem. 1S2, 393 (1940). 

W. C. Stadie, J. A. Zapp, and F. D. W. Lukens, J. Biol. Chem. X82, 423 (1940). 

W. H. Price, C. F. Cori, and S. P, Colowick, J. Biol. Chem. 160, 633 (1946). 

W. H. Price, M, W. Slein, S. P. Colowick, and G. T. Cori, Federation Proc. 6, 
150 (1946). 

C. F. Cori, Harvey Lectures 41, 253 (1946-46). 

S. P. Colowick, G. T. Cori, and M. W. Slein, J. Biol. Chem. 168, 683 (1947). 

*« R. H. Broh-Kahn end I. A. Mirsky, Science 106, 148 (1947). 
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reaction when compared to that of the control groups of rats. No initial 
slow phase of hexokinase reaction was observed in extracts of muscle from 
normal rats, alloxanized rats, or in extracts of kidney from normal or 
alloxanized rats. 

In a later study, Stadie et reported the demonstration of highly 

significant increases in the sjmthesis of glycogen over the controls in a 
medium containing glucose and isolated rat hemidiaphragm which had 
been equilibrated in a phosphate-saline medium with 0.1 unit insulin per 
ml. for 1 minute (optimal period). After equilibration with insulin, washing 
in 25 ml. phosphate-saline for a few times and washing for 60 minutes did 
not appreciably eliminate the insulin effect. These findings indicated to 
them that insulin had firmly combined with the structural unit of muscle 
cells of the diaphragm, as a first step in the action of insulin on the mecha¬ 
nism of intact tissue. 

It was reported^^** that the metabolic state induced by injection of 
alloxan in the rat diminishes the ability of the diaphragm to combine with 
insulin. Adrenalectomy and hypophysectomy had no effect on this reac¬ 
tion. A crystalline growth hormone preparation (Armour and Co.) or crude 
anterior pituitary extract, which was injected 20 hours previously, com¬ 
pletely prevented the combination of insulin and diaphragm. Crude pitui¬ 
tary extracts in vitro impaired the ability of the normal rat diaphragm to 
combine with insulin. An effect in vitro of highly purified growth hormone 
preparations could not be demonstrated; a rat diaphragm equilibrated for 
5 minutes in a solution containing 0.5 mg. crystalline growth hormone per 
ml. failed to have an effect on the subsequent response of the diaphragm to 
insulin. 


c. Diphosphothiamine 

Foa et reported that injection of insulin into dogs is followed by a 
temporary rise in the amount of diphosphothiamine in blood which was 
associated with a decrease in the amount of inorganic phosphate. There was 
a greater increase in diphosphothiamine when thiamine is injected after 
the administration of insulin. The administration of insulin is followed also 
by an increase in the adenosine-triphosphate of the liver, which serves 
as phosphate donor for thiamine. The injection of thiamine hydrochloride 
into depancreatized hyperglycemic dogs is not followed by significant 
changes in the blood concentration of diphosphothiamine, glucose, and 
inorganic phosphate. 

W. C. Stadie, N. Haugaard, J. B, Marsh, and A. O. Hills, Am. J, Med, Sd. 
218, 265 (1949). 

W. C. Stadie, N. Haugaard, A. G. Hills, and J. B. Marsh, Am. J. Med. Set. 
218, 275 (1949). 

P. P. Foa, J. A. Smith, and H. R. Weinstein, Arch. Biochem. 13, 449 (1947). 
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d. Formation of Fat from Olucoae 

Stetten and Klein^*^ fojLind that in rats and rabbits, the rate of fatty 
acid formation from the high carbohydrate diet is far below normal in the 
diabetic animal, and that the rate of hepatic lipogenesis was tremendously 
increased by administration of insulin. Fawcett^reported that tissues of 
rats injected with insulin contain more lipase in brown fat tissue. Hereto¬ 
fore lipase has not been reported in brown fat tissue. 

e. Phosphatases 

Cantor ei al}^^ found that 4 days after alloxan administration, serum 
alkaline phosphatase activities were double the normal value. Drabkin 
and Marsh*also reported that the well-established alloxan-diabetic state 
in rats is associated with increased activities of both acid and alkaline liver 
phosphatase. Treated effectively with insulin, there was a return toward 
normal levels of liver phosphatase activity, suggesting that phosphatases 
have a significant role in the diabetic state. These observations show that 
the maximum increase in the activities of the serum alkaline phosphatases 
and liver acid and alkaline phosphatases comes about after the 4th day of 
alloxan administration. (For a review on the subject see Drabkin. 

2. Thyroxine 
a. Phosphatases 

Ponz'“ reported that subcutaneous injection of thyroxine (0.5 mg. daily 
for 3 to 4 days) into rats causes an increase of alkaline phosphatase activity 
in the small intestine. According to Kochakian and Bartlett.**^* however, 
animals injected with DL-thyroxine showed a decrease in “alkaline*' (pH 
9.8) phosphatase. In all the experiments there was no change in the activ¬ 
ities of arginase and “acid" (pH 5.4) phosphatase of the liver or any of the 
enzymes of the kidney. Williams and Watson*®® had previously reported 
that the administration of thyroxine or parathyroid extract causes a drop 
in the phosphatase content of bone. Wood and Ross*®* found that like other 
proteins, such as egg and serum albumin, parathyroid hormone accelerates 
the liberation of phosphate by kidney phosphatases. It has no peculiar 
effect, even in a concentration of 75 units/ml. of digestion solution, which 
can be attributed to its function as a hormone. 
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b. Cytochrome c 

Tissiferes*®* reported that cytochrome c content of the muscle of the 
hind legs of the rat is reduced after thyroidectomy or treatment with 
methylthiouracil. (Thiouracil interferes with the production of thyroxine.) 
Treatment of the thyroidectomized or normal rats with thyroxine raised 
the cytochrome c content of the muscle. Thyroxine treatment of normal 
rats lowered the weight of the thyroid and raised that of the adrenal; 
treatment with methylthiouracil caused the reverse effect of greater mag¬ 
nitude. Tissiferes^®^^ later found that the prolonged administration of 
thyroxine caused an increase in oxidation reduction enzymes, particularly 
cytochrome c, in various tissues of the male rats. Oral ingestion of dinitro- 
phenol or desoxycorticosterone acetate, or the subcutaneous injection of 
testosterone had no effect on the cytochrome c content of the tissues. 
At about the same time Drabkin*®^ reported that after thyroidectomy or 
thiouracil administration there was a striking reduction in total body 
cytochrome c (in all tissues examined), although the changes were of 
greater magnitude in skeletal muscle than in other tissues. The administra¬ 
tion of thyroxine caused increases in cytochrome c in all tissues. These 
observations suggest that thyroid hormone may act through its effect 
on cytochrome c content in tissues. Tipton*®^ has reported that the activ¬ 
ity of succinic oxidase and cytochrome oxidase increiised significant ly in the 
liver tissue of rats fed desiccated thyroid substance. After adrenalectomy 
these enzyme systems decreased in activity. The increase in enzyme activ¬ 
ity after thyroid feeding is not so great if the hyperthyroid rats are adren- 
alectomized during the thyroid feeding. 

That there appears to be a direct relationship between the activity of the 
rat or guinea pig thyroid and oxidase content of the tissue is demonstrated 
by Mainini*®® as measured by the oxidation of p-phenylenediamine. This 
activity was increased by administration of thyrotropin or implantation of 
hypophysis. Decreased activity followed hypophysectomy. 

c. Creatine and d~A mino Add Metabolism 

Treatment with thyroxine subcutaneously causes a lowering of muscle 
creatine and phosphocreatine in rabbits (Wang^®®). Thyroidectomy causes 
no increase of creatine but increase of phosphocreatine occurs. Thyrotoxi¬ 
cosis causes temporary creatinuria. These data show that thyroid alone 

»•* A. TiMi^ree, Arch, intern. Physiol. M, 306 (1946). 

A. Tissi^res, Arch, intern. Physiol. 66, 252 (1948). 
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exerts a direct influence upon creatine metabolism, since adrenalectomy 
and hypophysectomy were without any effect. 

Klein*®^ reported a decrease in the content of D-amino acid oxidase in the 
tissues of thyroidectomized rats, and an increase in content in the tissues of 
animals maintained on an adequate diet supplemented with thyroid tissue. 
He did not find an association with a change in flavine-adenine-dinucleotide 
of the enzyme, but, probably, with a concentration of the protein moiety. 

d. Vitamin A 

The conversion of (larotene to Vitamin A through the influence of thyroid 
hormone is reported by Drill and Truant.*®* Normal rats could be main¬ 
tained with supplements of either Vitamin A or carotene. However, thy¬ 
roidectomized rats could not be maintained with carotene, as exhibited by 
ocular changes and weight-loss, as well as increased mortality. 

3. Steroid Hormones 

One of the principal functions of the hormones of the adrenal cortex is 
to influence the rate of gluconeogenesis from protein. On the other hand, 
many of the androgenic steroids stimulate protein anabolism. Studying the 
mobilization of protein, Berman et reported that adrenalectomy in¬ 
hibits the deposition of protein after partial hepatectomy and prevents the 
increase in fat and water content of the regenerating liver fragment. Fried- 
good el studied the protein regeneration of rats adrenalectomized at 
the time of hepatectomy. Adrenalectomy reduced the amount of liver pro¬ 
tein regeneration in rats both protein fed and protein depleted before 
operation. Rats, protein depleted for 2 weeks and subjected to the double 
operation, were given daily injections of desoxycorticosterone acetate, 11- 
dehydrocorticosterone acetate and ll-dehydro-17-hydroxycorticosterone 
(acetate) during the 2 week postoperative period. All stimulated hepatic 
protein metabolism and caused the same or greater regeneration of new 
liver protein than occurred in animals with intact adrenals. Desoxycorticos¬ 
terone caused the greatest increment. Cowie and Folley*^^ reported that 
there was a marked inhibition of milk production in the adrenalectomized 
rats. The lactation could, in part, be maintained with desoxycorticosterone 
acetate. According to Tipton,*’*^ untreated adrenalectomized rats showed 
decreased cytochrome oxidase activity in heart, kidney, and liver, and de¬ 
creased cytochrome c concentration in kidney and liver, but not in heart 

J. R. Klein, J. Biol. Chem. 128, 659; 131, 139 (1939). 

V. A. Drill and A, P. Truant, Endocrinology 40, 259 (1947). 

D. Herman, M. Sylvester, K. C. Hay, and H. Sclye, Endocrinology 41,258 (1947). 

C. E. Friedgood. H. M. Vars, and J. W. Zerbe, Federation Proc, 8 , 200 (1949). 

A T. Cowie and S. J. Folley, J. Endocrinol. 5, 14, 24, (1947). 

8. R. Tipton, Endocrinology 34, 181 (1944). 



146 


M. O. SBVAO, J. S. GOTS, AND B. STBBRS 


tifisuo. Total liver and kidney C 3 rtochrome oxidase was also decreased. 
Losses were prevented by adrenal extract. 

o. Phosphatases 

Studies have shown a relationship between the action of the adrenal hor¬ 
mones and the enzyme activities of certain organs. Williams and Watson^*® 
reported that adrenal cortical extract and corticosterone cause a decrease 
in the phosphatase content of rats* femurs while desoxycorticosterone 
acetate produced an increase. 

Kutschen and Wiist^^® had previously reported that phosphatase activity 
in the kidney and small intestine of adrenalectomized guinea pigs was about 
60 and 30%, respectively, of that of the normal animal. Desoxycorticos¬ 
terone restored the activity. Folley and Greenbauin*^^ reported that there 
is a drop in alkaline phosphatase activity of the kidney of adrenalectomized 
rats, and desoxycorticosterone acetate restores it to normal level. 

In a series of studies, working with extracts and crystalline hormones, 
Kochakian and his associates arrived at a definite conclusion that increase in 
the alkaline phosphatase of liver is a property of the C-11 steroid hormones 
of the adrenal cortex. The increase in enzyme activity did not parallel the 
degree of gluconeogenesis. Adrenalectomy slightly increased the alkaline 
phosphatase of the liver of young adult male rats. Adrenal cortical aqueous 
extract on the fifth postoperative day greatly increased this enzyme. 
Adrenalectomy resulted on the fifth postoperative day in a small decrease 
in the ‘‘alkaline** phosphatase of the kidney. Testosterone propionate pro¬ 
duced marked increase in this enzyme in adrenalectomized animals. N one 
of the above treatments produced a significant change in the “acid** phos¬ 
phatase of either liver or the kidney. In a comparative study, Kochakian 
and Bartlett^®* found that aqueous (beef) adrenal cortical extract, lipo- 
extract (hog adrenals), and 11-dehydrocorticosterone acetate produced very 
marked increases in the “alkaline** phosphatase of the liver of fasted rats 
when injected eight times at hourly intervals. The increase in enzyme 
activity did not parallel the degree of glycogenesis. Thyroxine produced a 
marked depletion of liver glycogen and a decrease in the “alkaline** phos¬ 
phatase. Epinephrine produced a tremendous deposition of liver glycogen 
but did not affect the activity of the enzyme. Kochakian,Kochakian 
and Fox^^®*, and Kochakian ei Qiy^^\ Vail and Kochakian*^ found that 
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certain androgens decrease the ''alkaline'^ (pH 9.8) phosphatase both in 
total amount and per gram of tissue and increases the ‘‘acid*’ (pH 5.4) 
phosphatase of the kidneys of normal and castrated mice. All of the steroids 
that increase the size of the kidney decrease the “alkaline” phosphatase 
but increase the “acid” phosphatase. In both instances the changes were 
related to the change in kidney size. The enzymes of the liver and intestine 
were not significantly changed as a result of testosterone propionate treat¬ 
ment or castration. 

According to Atkinson,in the untreated castrated mouse, large amounts 
of alkaline phosphate are present in longitudinal muscles of uterus and 
small amounts in the circular muscles. Occasionally small amounts are 
found in uterine glands and epithelium. Injection of estrogen was followed 
by marked increase of phosphatase in uterine glands, epithelium, and cir¬ 
cular muscles. Progesterone and testosterone do not produce this effect. 
Progesterone given concurrently with estrogen does not alter enzyme re¬ 
sponse to estrogen. 

Verzar and MontigeP^® found that minced muscle from adrenalectomized 
animals shows lowered rate of phosphorylation of glycogen ; desoxycorticos- 
terone specifically restored it to normal activity. Determining the kinetics 
of phosphorolysis by hashed muscle of normal and adrenalectomized ani¬ 
mals, MontigeP®° reported that desoxycorticosterone is an important com¬ 
ponent of the enzyme system that phosphorylates glycogen in muscle. 

6 . Arginase 

According to Kochakian*^^ the liver of the mouse contains the greatest 
amount of arginase. The other tissues contain relatively little or no enzyme. 
The arginase activity of the liver and intestines are not affected either by 
castration or steroid stimulation. The enzyme content of kidney, on the 
other hand, undergoes marked changes especially after stimulation by 
certain steroid hormones. The increase after castration is due to decrease in 
kidney mass. Testosterone, testosterone propionate, androstanol-17(a)-one- 
3, and androstanediol-3(a),7(a) decrease the arginase activity at the lower 
dose levels. When the dose is increased so that the kidney mass increases to 
greater than normal size, there is an increase in arginase activity, which 
continues to increase even though there is no further significant increase 
in kidney size. The presence of a 17-methyl group in the very active steroids, 
e.g., 17-methyltestasterone and 17-methylandrostanediol-3(a), 17(a), 
causes an immediate increase in arginase activity. On the other hand, the 
less active steroids bring about a prolonged decrease in arginase activity. 

Kochakian and Bartlett* •• report that their data provide evidence that 
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a change in liver arginase level is not essential for glyconeogenesis from 
protein under the stimulation of the C“ steroids. Furthermore, intense 
glycosuria and glyconeogenesis during alloxan diabetes are not accompanied 
by any change in arginase activity of the rat liver. The above observations 
represent a contradiction of the report by Fraenkel-Conrat et that 
steroid hormones administered subcutaneously or orally to immature female 
rats after hypophysectomy or adrenalectomy markedly increase the argi¬ 
nase activity of the homogenized liver. According to Folley and Green^ 
baum,'®2 liver, kidney, and mammary gland arginase levels of rats, adrenal- 
ectomized on the 4th day of lactation and autopsied on the 17th day, were 
significantly lower than those of pair-fed sham-operated lactating rats. 
Arginase per gram moist tissue was reduced most in the mammary gland 
(one seventh) and least in the kidney (to one half). Liver contains 9 times 
the amount in mammary tissue and 28 times the amount in kidney. These 
ratios are much the same in intact lactating rats on a reduced food intake, 
but in adrenalectomized rats the activity of the mammary gland relative 
to liver falls slightly below that of the kidney. 

c. Chclinesterase 

According to Mihailesco and Iladulesco’**^^ estrone in concentrations 
greater than 25 units per ml. inhibits cholinesterase, thus allowing acetyl¬ 
choline to be stored and improving capillary circulation. On the other 
hand, Berkhauser*^ reported that a glycerol solution of estradiol dipropion¬ 
ate has no effect on cholinesterase activity of rat liver in vitro. In vivo it 
increases the cholinesterase content of liver secondary to increase of 
acetylcholine content. Sawyer and Everett*®® and Everett and Sawyer*®® 
found that serum cholinesterase in rats parallels the estrogen level. Castra¬ 
tion in the female resulted in a decline while in the male a gradual rise 
ensued; estradiol produces an elevation while testosterone causes a decrease 
in activity. Progesterone showed no effect. 

d. Estrinase 

Bergstrom et aU^ reported that potato phenol oxidase inactivates estra¬ 
diol, which parallels exactly the capacity to oxidize p-cresol. Zondek and 
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Sklow^*® reported that liver, hyacinth bulbs, potatoes, cauliflower, beet 
roots, and bran contain an enzyme, estrinase, which inactivates estrone. 
Estrinase resembles tyrosinase but is not identical with it since cauliflower 
contains estrinase but not tyrosinase and meal worm larvae contain tyro¬ 
sinase but not estrinase. 

According to Zondek and Finkelstein'*® excised livers of rats with vitamin 
B deficiency are devoid of the capacity to inactivate estrone in vitro. This 
ability still remains at a high level in the intact rat. It has been shown that 
monkey liver is relatively inefficient in the inactivation of estrogen in vivo 
(Hooker et 


€. Succinoxidase 

McShan et reported that the phenolic group of various estrogens 
inhibited succinoxidase of rat tissues. This reaction left the biological 
activity of estrogens intact. Blocking of the phenolic group of androgens by 
converting them into sulfuric acid esters removed the inactivating action 
on succinoxidase. 

Progressive increase in succinic dehydrogenase activity of the corpus 
luteum of pregnancy in rats to the eleventh day of pregnancy has been 
reported by Meyer et The increase is believed to be associated with 
increasing production of progesterone and possibly other ketosteroids. 
According to McShan et the malic dehydrogenase activit}’' of rat 
corpora lutea of pregnancy increases through the first half of pregnancy, 
reaching a high level at 11 days, then decreases through the second half of 
pregnancy and through lactation. The activity of this enzyme increases 
during lactation, reaching a maximum level at the 20th day. At this time 
there is also a slight increase in activity of the ovarian residue. The cyto¬ 
chrome oxidase activity of corpora lutea of pregnancy maintains a high 
value at 7 and 15 days of pregnancy and decreases to a value of the 20th 
day of lactation. The cytochrome oxidase activity of corpora of lactation 
increases during lactation and reaches a high level on the 20th day. 

Wight and Burk^®^ reported that diethylstilbesterol inhibits the succin¬ 
oxidase activity of mitochondrial elements obtained from tumor homo¬ 
genates. This inhibition was markedly reduced or entirely eliminated b}’^ the 
simultaneous addition of progesterone or testosterone. 
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4. Growth Hormones 

An important function of the growth hormone derived from the pituitary 
gland is to retain nitrogen, since true growth results from the accumulation 
of proteins. According to Li*®* the injections of the growth hormone induce 
a significant lowering of the urinary nitrogen within 24 hours. Bennett and 
Li*®’ reported that alloxan diabetic rats (which still have some insulin) also 
retain nitrogen after growth hormone treatment. The growth hormone has 
been found to increase the alkaline phosphatase content in the plasma of 
hypophysectomized rats (Li et a/.*®*). It causes a rise in the plasma in¬ 
organic phosphorus level of such animals (Li*®*). 

According to Li,*®* adrenocorticotropic hormone activity is found in the 
nonprotein nitrogen of the peptic hydrolyzate of adrenocorticotropic hor¬ 
mone. It is dialyzable through collodion membranes. It is composed of 
about seven amino acid residues in peptide form. This hormone is reported 
to exhibit a retardation of the somatic growth of normal rats (Evans ei 
aZ.*®®; Becks et aL^) and is considered a specific growth inhibiting sub¬ 
stance. It increases urinary nitrogen excretion in normal rats (Gordon 
et and reduces the alkaline phosphatase content in the plasma of both 
hypophysectomized and normal rats (Li et The latter effect is 

neutralized by growth hormone injections. Ingle et al,^^ have shown that 
adrenocorticotropic hormone produces glycosuria in normal rats, and since 
similar results were obtained with 17-hydroxycorticosterone it has l>een 
concluded that adrenocorticotropic hormone increases the secretion of 
steroids. That this hormone enhances diabetes and opposes insulin has been 
shown by Bennett and Li.*®’ On the other hand, Anderson and Long,’®* 
from experiments with the isolated pancreas, have concluded that growth 
hormone inhibits insulin secretion by a direct action on the islet cells. 
Neither adrenal cortical hormones nor thyroxine inhibit insulin secretion. 

5. Epinephrine 
a. Glycogen Metabolism 

With resting frog muscle kept anaerobically in Ringer’s solution and 
epinephrine, Hegenauer and Cori’®^ observed marked increase of the break- 

C. H. Li, Ann. Rev. Biochem. 16, 291 (1947). 

C. H. Li, C. Kalman, and H. M. Evans, J, Biol. Chem. 169, 625 (1947), 

L. L. Bennett and C. H. Li, Endocrinology 39, 63 (1946). 

C. H. Li, C. Kalman, H. M. F>an8, and M. E. Simpson, J, Biol. Chem. 163, 715 
(1946). 

*»* H. M. Evans, M. E, Simpson, and C. H. Li, Endocrinology 33, 237 (1913). 

H. Becks, M. E. Simpson, C. H. Li, and H. M. Evans, Endocrinology 34, 305 
(1944). 

G. S. Gordon, C. H. Li, and L. L. Bennett, Proc. Soc. Expil. Biol. Med. 62, 
103 (1946). 

•®* D. J. Ingle, C. H. Li, and H. M. Evans, Endocrinology 89, 32 (1946). 

E. Anderson and J. A. Long, Endocrinology 40, 98 (1947). 

A. H. Hegenauer and O. T. Cori, J. Biol. Chem. 100, 691 (1934). 
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down of glycogen. Hexosemonophosphate was found to accumulate ih 
amounts equivalent to the inorganic phosphate which disappeared. Also 
Bendall and Lehmann^®^ reported that in vitro rabbit and rat liver slices 
with epinephrine causes breakdown of glycogen. In intact cells, however, 
epinephrine accelerates phosphorylase activity and there is an increase in 
liver glycogen. According to Kochakian and Bartlett,the injection of 
epinephrine (0.05 mg.) produced within 1 hour a tremendous deposition of 
glycogen in the liver of rats fasted for 18 hours (control 120 mg., epine¬ 
phrine liver, 613 mg.). 

6. Interaction between Epinephrine and Oxidases 

According to Joyet-Lavergne*°® addition of epinephrine in vitro increased 
the intracellular oxidizing power of brain and muscle tissues of guinea fowl, 
tail, heart, muscle, and brain tissues of the salamander, pincer and cephalo- 
thorax muscle, heart, and branch! of the male crab, and the foot and in¬ 
testinal tissue of the snail {Gregorina polymorphia and Steinima ovalis). It 
also increased the oxidation of leuco dyes more readily after treatment with 
epinephrine. Epinephrine has a direct action on the living cell, increasing 
the rate and intensity of intracellular oxidations. Vacca^ reported that 
rabbits given three successive injections of epinephrine show, after an hour 
or so, marked increase in catalase and peroxidase titer of blood after the 
first injection, and diminished titer of these enzymes after each succeeding 
injection of epinephrine. Richter and Blaschko^ reported that epinephrine, 
oxidized at pH 5 with catechol oxidase, takes up approximately one mole¬ 
cule of oxygen per mole. The oxidation product was suggested to be the 
unstable adrenochrome. 

Epinephrine, as well as flavin and flavoprotein, in the presence of cozy¬ 
mase I, was reported to be capable of acting as a carrier in the oxidation of 
the malic or lactic acid dehydrogenase systems (Green and Richter*®*). 
Epinephrine and leucoadrenochrome are easily oxidized by the indophenol- 
cytochrome system. The dehydrogenation of succinic acid to fumaric acid 
and malic acid by epinephrine (Marquardt*^®) may indicate that an o-qui- 
none is formed which acts as a hydrogen transport. 

Govier*'^ reported that a-tocopherol inhibits succinic dehydrogenase of 
homogenized rat muscle and liver. Epinephrine produces an increase in 
oxygen uptake by neutralizing the inhibitory effect of a-tocopherol. Govier 
believes that the increase of metabolic activity following addition of 
epinephrine to a-tocopherol inhibited succinic dehydrogenase can be used 

*«• J. R. Bendall and H. Lehmann, Nature 148. 538 (1041). 

P. Joyet-Lavergne, Compt. rend. 215, 384 (1942) 218. 818 (1943); 217, 327 (1943). 

C. Vacca, Boll. soc. Hal. bioL aper. 20. 826 (1945). 

D. Richter and H. Blaschko, J. Chem. Soc. 601, (1937). 

D. E. Green and D. Richter, Biochem. J. 31, 596 (1937). 

P. Marquardt, Klin. Wochschr. 17. 14. 45 (1938); 18. 252, 287 (1939). 

W. M. Govier, V. Bergmann, and K. H. Beyer, J. Pharmacol. 86,140,143 (1945). 
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as a source of energy for synthesis of cocarboxylase from added thiamine 
and pyrophosphate. 

Friedenwald and Herrimann*'* reported that the oxidation of epinephrine 
and certain other quinones by the cytochrome oxidase system or by poly- 
phenoloxidase resulted in the production of unstable unidentified substances 
capable of inhibiting animal oxidase. The mechanism of inhibition appears 
to consist in the oxidation of a —SH group in the amine oxidase. 

Mitalo**® reported that injection of epinephrine in chickens, guinea pigs, 
rabbits, rats, and dogs causes a very marked diminution of indophenol 
oxidase activity of nervous system. Bhagvat and Richter**^ do not consider 
the inactivation of epinephrine by the phenolase systems likely because 
of the absence of catechol oxidase from mammalian tissues. However, 
Caddon and DilF^® suggest that the organism may contain some highly 
specific phenolase. That this suggestion seems to have a reasonable basis 
is indicated by the following observation. Heirman^^* and Bacq^*^ found 
that the oxidation of epinephrine in the tissue yielding adrenoxine, or a 
closely related substance, plays an essential role in the organism. Adrenox¬ 
ine possesses greater mydriatic action than epinephrine (Heirman and 
Goffart*^*) and cardioinhibitory properties (Heirman*^®). 

Barcia^'® observed that epinephrine incubated at 37°C. for 30 to 90 min¬ 
utes with phenolase prepared from the press juice of Agaricus campestus is 
converted to adrenoxine. Helmer and Kohlstaedt^-® observed that the 
pressor action of epinephrine as measured by the pressor response of a 
pithed cat was rapidly destroyed by the horse radish-peroxidase and hy¬ 
drogen peroxide system. Destruction was considerably increased byO.OOOl N 
iodine in potassium triodide. 

According to Schapira,”* the amine oxidase which oxidizes adrenaline 
oxidizes phenethylamine to phenylacetaldehyde which can be detected by its 
powerful hyacinth odor. By this test the amine oxidase was found in every 
animal tissue tested, including the adrenal medulla. 

Martin el aL^ observed that the oxidation of epinephrine by tyrosinase 

J. S. Friedenwald and H. Herrmann, J. Biol. Chem. 146, 411 (1942). 

M. Mitalo, Boll. iial. biol. nper. 22, 651 (1946). 

K. Bhagvat and D. Richter, Biockem. J. 32, 1397 (1938). 

J. F. Caddon and L. V. Dill, J. Biol. Chem. 143,106 (1942). 

P. Heirman, Compt. rend. soc. biol. 126, 1264,1267 (1937); 127, 343 (1938); Arch, 
intern, physiol. 46, 404 (1938). 

Z. M. Bacq, Arch, intern, physiol. 60, 141 (1940). 

*** P. Heirman and M. Goffart, Compt. rend. soc. biol. 132, 84 (1939). 

**• R. C. Barcia, Arch. soc. biol. Montevideo 13, 68 (1947). 

O. M. Helmer and K. G. Kohlstaedt, Science 102, 422 (1946). 

G. Schapira, Compt. rend. soc. biol. 139, 36 (1945). 

“*G. J. Martin, C. T. Ichniowski, W. A. Wisanaky, and 8. Anabacher, Am. J. 
Physiol. 136, 66 (1943). 
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is accelerated by aminophenol and hydroxybenzoic acid, and inhibited by 
aniline, benzoic acid and the three isomeric aminobenzoic acids. 

Wallseh and Rakow*®* observed that certain oxidation products of 
epinephrine exercise a marked inhibitory action on choline esterase. This 
inhibition was also observed with physostigmine, indol and AT-methylindoI. 
Siillmann*** found that oxygen uptake of linoleic acid and lecithin in the 
presence of lipoxidase (from soybeans) is inhibited in the following order 
by pyrocatechol, hydroquinone, a- and i3-naphthol, p-aminophenol, 3,4-di- 
hydroxyphenylalanine, epinephrine, and d/-a-tocopherol. 

For an excellent treatment of the mechanism of the oxidation of phenolic 
compounds the reader is referred to Nelson and Dawson.^^ 

IV. The Relation of Vitamins to Coenzymes 

It is now common knowledge in enzymology that certain vitamins are 
incorporated into the coenzyme groups of oxidative enzymes. Their physi¬ 
ological functions are, therefore, intimately linked with the functions of 
these enzymes. 

Nicotinamide is the structural component of cozymase I and II, or 
di- and triphosphopyridine nucleotide (DPN and TPN) respectively. In 
these combinations they function as the coenzymes of cozymase dehy¬ 
drogenases. 

Riboflavin is the structural component of the coenzyme groups of flavo- 
proteins. Flavin-adenine dinucleotide is the coenzyme group of a large 
number of flavoproteins which mediate the transfer of hydrogen indi¬ 
vidually or in combination with cozymase dehydrogenase. Flavin mono¬ 
nucleotide is the coenzyme group, for example, of cytochrome reductase 
and L-amino acid oxidases. 

Thiamine is the component of cocarboxylase (diphosphothiamine), the 
coenzyme group of carboxylase involved in the decarboxylation of pyruvate 
and certain other a-ketoacids and of pyruvic acid and aldehyde ketolase. 
For extensive literature, see Sumner and Somers.^® 

Pyridoxine in the form of pyridoxal phosphate has been found to function 
as coenzyme of the following systems: 

(a) Decarboxylase involved in the decarbo.xylation of various amino 
acids (Taylor and Gale^; Gale^^; Schales et alP^\ Schales and Schales^®). 

*»» H. Waclsch and H. Rakow, Science 96, 386 (1942). 

H. V. Sallmann, Hclv, Chim. Acta 26, 1114 (1^3). 

*** J. M. Nelson and C. R. Dawson, Advances in EnzymoL 4, 99 (1944). 

”• J. B, Sumner and G. F. Somers, Chemistry and Methods of Enzymes. 2 nd ed., 
Academic Press, New York, 1947. 

E. S. Taylor and E. F. Gale, Biochem, J. 89, 52 (1945). 

E. F. Gale, Advances in EnzymoL 6, 1 (1946). 

”* O. Schales, V. Mims, and S. S. Schales, Arch. Biochem. 10, 455 (1946). 

O, Schales and S. S. Schales, Arc^. Biochem. 11, 155 (1946). 
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(b) Transaminase involved in the transamination reactions (Snell**^; 

Lichstein et Gunsalus and Umbreit**®; O^Kane and Gunsalus*^). 

(c) Tryptophanase involved in the breakdown of tryptophan into indole 
and alanine, or pyruvate and ammonia (Happold and Hoyle*®*; Wood 
et Dawes et aL^). 

(d) Involved in the synthesis of tryptophan from anthranilic acid via 
indol and serine (Umbreit et Sweigert*®®). 

Biotin. Various studies tend to show that biotin is a component of a 
coenzyme involved in the fixation of carbon dioxide. Biotin mediates the 
formation of oxalacetate from pyruvate and carbon dioxide. And, since 
oxalacetate is the precursor of aspartic acid, biotin appears to play a sig¬ 
nificant role in the tricarboxylic cycle and in the synthesis of aspartic 
acid and glutamic acid. 

Koser®^® showed that aspartic acid exerted a biotin-sparing effect for 
Torula cremoris, and Burk and Winzler*^' indicated that biotin might me¬ 
diate the utilization of carbon dioxide. In view of the fact that in the 
presence of excess biotin aspartic acid could be eliminated from the medium 
used for the growth of most lactic acid bacteria, Stokes et suggested 
that biotin functions in the synthesis of aspartic acid. They could not show 
an altered rate of transamination in biotin deficiency, indicating that 
biotin was not involved in transamination reactions. Lardy et likewise 

found that, in the growth of Lactobadllns arabinosus^ oxalacetate would 
promote growth on a biotin- and aspartic-acid deficient medium and that 
in a biotin-rich medium the growth could be stimulated by bicarbonate as 
source of carbon dioxide, which would indicate a role for biotin in the 
fixation of carbon dioxide. Shive and Rogers*^^ reported that a-ketoglutar- 
ate relieved the biotin inhibition, which was interpreted to indicate that 
decreased biotin synthesis affected first the formation of a-ketoglutarate. 

E. E. Snell, J. Am. Chem. Soc. 66, 2082 (1944). 

*” H. C. Lichstein, I. C. Gunsalus, and W. W. Umbreit, J. Biol. Chem. 161, 311 
(1945). 

*»* I. C. Gunsalus and W. W. Umbreit, J. Biol. Chem. 170, 416 (1947). 

*** D. E. O'Kane and I. C. Gunsalus, J. Biol. Chem. 170, 425, 433 (1947). 

F. C. Happald and L. Hoyle, Biochem. J. 29, 1918 (1935). 

W. A. Wood, I. C. Gunsalus, and W. W. Umbreit, J. Biol. Chem. 170,313 (1947). 

E. A. Dawes, J. Dawson, and F. C. Happold Biochem. J. 41,426 (1947). 

*” W. W. Umbreit, W. A. Wood, and I. C. Gunsalus, J. Biol. Chem. 166,731 (1946). 

B. S. Schweigert, J. Biol. Chem. 168, 283 (1947). 
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204 (1942). 
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Lichstein and Umbreit*^* found that aging of the cell suspensions of E, coli 
in acid buffer ;*endered 'the cells deficient with respect to the ability to 
release carbon dioxide from systems containing fumaric, malic, and aspartic 
acids. The addition of biotin reactivated the enzyme systems. Ochoa et 
suggested that in the liver biotin catalyzes the reversible decarboxylation 
of oxalacetate to pyruvate and CO 2 . 

Pantothenic Acid, According to Lipmann et and Novelli and Lip- 
mann*^ pantothenic acid is a component of a coenzyme group which was 
named Coenzyme A. Coenzyme A functions as the general coenz)rme for 
acetylation (Kaplan and Lipmann^^®). In the liver, acetate is claimed to 
react with ATP to form a compound with the properties of acetyl phos¬ 
phate. Since acetate is known to occupy an important place in the forma¬ 
tion and degradation of fatty acids, and in oxidative pathways for 
carbohydrates, this enz>Tne assumes even greater importance. Lipmann®^® 
has employed a test system for acetylation of aromatic amines by liver 
preparations to assay for the presence and activity of coenzyme. 

The first observation about the role of pantothenate in various enzyme 
systems was reported by Dorfman et They found that pantothenate 
accelerates the rate of oxidation of pyruvate by Proteus morgani. HilP^® 
found that pantothenate increases the aerobic and anaerobic metabolism 
of pyruvate. Increased oxygen uptake was likewise found with the oxida¬ 
tion of C4- and Cs-dicarhoxylic acids, and lactate in the presence of panto¬ 
thenate. Four fold increase in oxygen uptake with malate, but not succinate, 
was observed. Sevag and Green^^^ found that in the presence of glucose 
only" pantothenate enables a strain of tryptophan-requiring Staph, aureus 
to dispense with the requirements for try"ptophan. Apparently", panto¬ 
thenate mediated certain reactions in glucose metabolism in an amino 
acid environment which led to the symthesis of tryptophan. Kersey and 
Porter®*"^ reported that pantothenate accelerated the oxidative deamination 
of DL-glutarnic acid, DL-aspartic acid and DL-serine by Proteus morgani. 
They found also that pantothenate accelerates the oxidation of a-keto- 
glutarate, succinate, fumarate, oxalacetate, and pyruvate. Ip all these 

H. C. Lichstein and W. W. Umbreit, J, BwL Chem. 170, 320 (1947). 

5. Ochoa, A. Mehler, M.Blanchard, T. H. Jukes, C. E. Hoffmann, and M. 
Regan, J. Biol. Chem. 170, 413 (1947). 

F. Lipmann, N. O. Kaplan, G. D. Novelli, L. C. Tuttle, and B. M. Guirard, 
./. Biol. Chem. 1C7, 869 (1947). 
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156 


M. G. SfiVAG, J. S. GOTS, AND E. SfEERd 


instances, pyruvate was found as one of the reaction products. Pyruvate 
yields reaction products upon which pantothenate acts. According to 
McElroy and Dorfman*^^ acetyl-methylcarbinol accumulates during the 
oxidation of pyruvate by Proteus morgant in the absence of added panto¬ 
thenate, and they siiggested that a pantothenic acid containing coenzyme 
is concerned with the utilization of acetylmethyl carbinol or some closely 
related substance. Carboxylation of acetylmethylcarbinol to a-acetolactic 
acid by Staph, aureus is suggested by Watt and Krampitz*^*. 

Ravel and Shive*^^ and Shive et al,^^ reported that cysteic acid interfered 
with the synthesis of pantothenic acid which was inferred from the com¬ 
petitive inhibition between aspartic acid metabolism and cysteic acid. 
Glutamic acid, /3-alanine, citric acid, cts-aconitic acid, and a-ketoglutaric 
acid reverse the cysteic acid inhibition of the growth of E, coli, A combi¬ 
nation of oxalacetate and pyruvate, or acetate showed a lesser activity. 
These results were interpreted to indicate an acetylation function for 
pantothenic acid in the tricarboxylic acid cycle. In the growth of Lacto- 
bacillus arabinosuSy oleic acid, in the form of ^tween 80 , relieved the inhi¬ 
bition by cysteic acid, which suggested to them a function of pantothenic 
acid in acetate condensation to form fatty acids. 

Shive and Macow*®* reported that aspartic acid, via /S-alanine is a pre¬ 
cursor of pantothenic acid. Billen and Lichstein^®° found that washed cells 
of Rhizobium trifolii produces /3-alanine from aspartic acid. Virtanen and 
Laine^*®* had previously claimed that Rhizobium leguminosarum decarbox- 
ylates aspartic acid with the formation of i3-alanine. 

As a component of a coenzyme, pantothenate is involved also in the 
acetylation of choline in the presence of acetate, adenosine triphosphate, 
potassium ion, cysteine, and choline acetylase (Nachmansohn and Weiss^^O- 

p-Aminobenzoic Add and Folic Add, p-Aminobenzoic acid in combina¬ 
tion with glutamic acid and a pterine residue has Ixjen shown to be a 
component of pteroylglutamic acid, Ar-(4-{[(2-amino-4-hydroxy-6-pteridyl) 
methyl]-amino}benzoyl)glutamic acid (Hutchings et a/.*®*). It has been 
maintained^that the latter is involved in the synthesis of purines, but there 
is as yet no conclusive evidence to support this. 

Vitamin K, A relationship between a vitamin K-like naphthoquinone 
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and luciferin, coenzyme group of luciferase, has been suggested. Kluyver 
et suggested that dihydroluciferin is either identical with, or closely 
related to 2-(hydroxyacetyl)-l ,4-naphthohydroquinone, which would make 
it related to vitamin K derivatives whose synthesis by bacteria has been 
demonstrated by Dam ei 

Lyons*®^ believes that a vitamin K-like substance, 2-methyl-l ,4-napth* 
thoquinone, is a component of thrombin. The production of fibrin involves 
the release ofsulfhydryl groups in fibrinogen which are oxidized to—S—S— 
bridges as a result of oxidation by the above mentioned naphthoquinone 
or by a vitamin K-like component of thrombin. In this manner, many 
molecules of fibrinogen form —S—S— bridges among themselves and thus 
form a network in the form of fibrin. Transformation of fibrinogen —SH 
into a fibrin gel could also be brought about by the addition of minute 
amounts of 2-methyl-l ,4-naphthoquinone. The presence of such a com¬ 
pound in thrombin was indicated by a colorimetric reaction. 

V. Action of Chemotherapeutic Agents on Enz3rmes 

1. Inhibition of Bacterial Oxidative Enzymes in Relation to the 
Antibacterial Action of Sulfonamides 

Despite the similarity in the basic pattern of the reactions which are 
mediated by the same functional type of enzymes present in different 
cells, the enzyme proteins of each species differ in their pattern and be¬ 
havior toward agents that are not native to a given cell. Penicillin^ which 
is a normal and apparently nontoxie metabolite of certain strains of Peni- 
cillium, is a highly toxic substance and antibiotic fora number of bacteria, 
and exercises little or no apparent effect on other species of bacteria. Sul¬ 
fonamides which are effective drugs against Streptococcus ptjogenes are of 
no value as antibacterial chemotherapeutic agents, for example, against 
E. typhosa. These antibacterial agents which are specifically effective 
against the above-mentioned bacteria are relatively nontoxic against the 
human or animal hosts despite the fact that they form complexes with the 
host proteins. 

An effective antibacterial agent must interfere with the enzyme proc¬ 
esses of a bacterium, and be detrimental for its normal physiological 
activities. This process is intimately related to a specific affinity for certain 
key enzyme proteins of a given drug-sensitive bacterium; not all the 
proteins in a given bacterium possess this affinity for one or more of the 

••• A. J. Kluyver, G. J. M. Van tier Kirk, and A. Van der Burg, Proc. Koninkl 
Nederland Akad, Wetensch. 66» 886 (UM2). 
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Drugs 

Inhibition of 

Source of 
enzyme 

Reversed by 

References 

Sulfonamides 

Respiration 

Bacteria 


See the text for 
numerous 
studies 

Sulfathiazole 

Pyruvate dis- 

E. colit Baker’s 

p-Aminoben- 

Sevag et 


mutation 

yeast. Brew¬ 
er’s yeast, 
Staph, aureus 

zoic acid, 
cocarboxy¬ 
lase 

t66a . S«7 

Sulfathiazole 

Growth in glu> 
cose 

Staph, aureus 

Riboflavin -h 
pantothe- 
nate 

Sevag and 
Green* •• 

Sulfathiazole 

Oxidation of 
glutamate, 
succinate, 
lactate 

P. avicida. 
Streptococcus 
hemolyticus 


Frei***; Frei and 
Jesierski *^® 

Sul fapyri dine 

Dehydrogen¬ 
ases; glucose, 
lactate, gly¬ 
cerol 

Pneumococcus 


j MacLeod*’^ 

i 

Sulfathiazole 

Oxygen uptake,! 

1 Pnemococcus 

Methylene 

Sevag and 


dehydrogen- I 


blue, ribo¬ 

Gots;*® 

i 

ase 1 


flavin 

See text also 

Sulfanilamide i 

lactic dehydro-! 

Gonococcus 


Bucca*’* 


genase 

i 

i 


Sulfonamides ■ 

i 

Glucose-6-de- i 
hydrogen ase 

Top ale yeast 

TPN 

Altman*’* 

Sulfonamides 

1 

j 

Lactate oxida¬ 
tion, pyru- 1 
vate disimu- j 
tation ! 

E. coli 


Fox*’* 

1 

Sulfonamides 

Luciferase j 

Cypridina and 
bacteria ! 


Johnson and 
Chase;*’* 

1 




1 Johnson*’* 
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TABLE 1**—Con£tfiu0d 


Drugs 

\ Inhibition of 

1 Source of 
ensyme 

1 Reversed by 

! 

References 

Sulfonamides 

Coagulase 

Staph, aureus 


Spink and 

Sulfanilamide 

Cytochrome 

Gonococcus 


Vivino”^ 

Bucca*’* 

Sulfonamides 

oxidase 

Cytochrome 

Top ale yeast 


Altman*^* 

Sulfanilamide 

reductase 

Sucrose 

Yeast 


Ercoli and 

Sulfanilamide 

Amylase 

Aspergillus 


Ravazzoni*’* 
Ercoli and 

Sulfanilamide 

Rapidase, 

oryzae 

Bacterial 


Ravazzoni*^* 
Ercoli and 

Sulfonamides 

amylase 
Succinic and all 

Pig and rat 


Ravazzoni*^* 

Praiak*’* 

Sulfathi azole 

dehydro¬ 

genases 

Carboxylase, 

liver, heart 
and kidneys 
Rat liver 

Liver extract 

Pilgrim and 

(succinyL) 

Sulfonamides 

fumaric oxi¬ 
dase 

Cytochrome 

Rat thyroid 


Elvehjem**® 

Paschkis ef ai.**^ 

Sulfanilamide 

oxidase 
Cytochrome C 

Horse heart 


Altman*” 

Sulfanilamide 

Catalase 

Liver 

Serum, serum 

Sevag ei ol.**** 

(p-hydroxy- 

amino-) 

Sulfanilamide 

Cytochrome 

Beef heart 

albumin, 

hemin 

Collier*** 

(p-hydroxy- 

mino-) 

Sulfonamides 

oxidase. 
Cytochrome C, 
catalase 

Catalase 

Beef heart, 
guinea pig 
liver 

Liver, bacteria 


Schuler and 

Sulfonamides 

Peroxidase 

Horse radish 


Meier*” 

Lipmann*** 

Sulfanilamide 
(and PABA) 

Catalase, per¬ 
oxidase 



Carrara and 
Chiancone*** 


W. W. Spink and J. J. Vivino, Proc. Soc, ExpL Biol, Med. 60, 37 (1942). 

A. Ercoli and C. Ravazzoni, Rend tsl, lombardo set., Claese eci. mat, nat, 73, 
573 (1939-40); Chem. Ahetracie 87 , 3110. 

V. Pralak, Shomik Llkafeky 48 , 101 (1946); Chetn, Ahetracte 42 , 8843. 

“• F. J. Pilgrim and C. A. Elvehjem, Arch. Biochem. 6,121 (1945). 

K. E. Paschkis, A. Cantarow, and E. K. Tillson, Proc. Soc. Exptl. Biol. Med. 
W, 148 (1946). 

““ M. Q. Sevag, Myrtle Shelburne, and M. Ibsen, J. Biol. Chem. 144 , 711 (1942), 
“• H. B. Collier, Can. J. Reeearch 18 B, 346 (1940). 

W, Schuler and R. Meier, Helv. Phyeiol. Pharmacol. Acta 2, 83 (1944). 

F. Lipmann. /. Biol. Chem. 189 , 977 (1941). 

*** G. Carrara and F. M. Chiancone, ChinUea e induetria 28,436 (1941). C. A. 36, 
7033, 
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TABLE Continued 


Drugs 

Inhibition of 

Source of 
enzyme 

Reversed by 

References 

Sulfonamides 

Tyrosinase 

Potato 

CuS 04 , 

Paschkis et al.^ 

Sulfonamides 

Tyrosinase 

Potato 

ICHjCOOH 

Baur and Ruf*^ 

(and PABA) 





Sulfanilamide 

Tyrosinase 

Psalliota com- 


Wisansky et al. 

(and PABA) 
Sulfanilamide 

Carbonic anhy- 

pestris 

Erythrocytes, 


iM 

Mann and 


drase 

Gastric mu- 


Keilin‘»» 

Sulfanilamide 

Carbonic anhy- 

Rabbit 

Partially by 

Van Goor*®® 


drase 


PAHA 


Sulfanilamide 

Carbonic anhy- 

Erythrocytes 


Davenport*®* 

(Thiaphene-2): drase 




Acetyl.sulfon- 

Carbonic anhy- 

Erythrocytes 


Locke et al.*** 

amide, 

p-MethyL 

phenyl-suL 

drase 




fonamide 





Caproyl sulfon- 





amide 

Sulfanilamide 

Alkaline phos- 

Hon 


Genest and 

Soluseptazine 

phatase 

Phosphatase 

Dog serum 


Bernard*®* 
de Elio and 

Sulfonamides 

Sulfonamides 

Phosphatase 
Alkaline and 

Serum 


Sanchez*®* 
Paget and 

Sulfanilamide 

acid 

Phosphatase.^ 

Phosphatase 

Rat femur 

i 

Vittu*®* 

Silver and 

Sulfonamides 

Phosphomono- 

bone 

Human eryth- 

PAHA, 

Golding*®* 
Paget and 


esterase 

rocytos 

SA/PAHA = 10(] 

Vettu*®* 


K. E. Paschkis, A. Cantarow, W. M. Hurt, and A. E. llakofT, Proc. Hoc. Exptl. 
Biol. Med. 67. 37 (1944). 

E. Baur and H. Ruf, Helv. Chim. Acta 26, 523 n942;. 

W. A. Wisansky, G. J. Martin, and 8. Ansbacher, J. Am. Chcm. Soc. 63. 1771 
(1941). 

**• T. Mann and D. Keilin, Nature 146, 164 (1910). 

**®H. Van Goor, Enzymologia 11, 174 (1944). 

*•* H. W. Davenport, /. Biol. Chem. 168, 567 (1945). 

*•* A. Ix>cke, E. R. Main, and R. R. Mollon, Science 93, 66 (1941). 

*•* P. Genest and R. Bernard, Rev. Can. Biol. 6, 586 (1946). 

F. J. de Elio and F. F. S. Sanchez, Farmacoterap. actual Mardrid 3, 468 (1946). 
C. A. 40, 6668. 

M. Paget and C. Vittu, Compt. rend. eoc. biol. 138. 1066 (1944). 

P. H. Silver and J. S. R. Golding, Lancet 1, 528 (1945). 
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TABLE I —Concluded 


Drugs 

Inhibition of 

Source of 
enzyme 

Reversed by 

References 

Sulfonamides 

Pseudocholin¬ 

esterase 

Human serum 


Paget and 
Dhellemmes 

*97 

Sulfonamides 
(and PaBA) 

Cholinesterase 

Blood serum 


Zeller*« 

Sulfanilamide 

Cholinesterase 

Human brain 
and serum 
Guinea pig 
serum 


Zeller«» 


known antibacterial agents. The enzyme proteins of certain bacterial 
species appear to lack absolutely a measurable affinity for the known drugs 
even in a simple in vitro environment. 

An affinity between an enzyme protein and a drug must result in a chemi¬ 
cal reaction resulting in an irreversible inactivation of the key enzyme, or 
form a reversible complex resulting in bacteriostasis. In either case, the 
bacteria would be incapable of multiplication. 

In view of the complexity of the biochemical processes employed by 
microorganisms for growth purposes, and lack of a satisfactorily clear 
definition of the intimate relationships of the step-by-step progressing 
reactions involved in the growth mechanism, it is at present impossible to 
establish a direct relationship between the chemotherapeutic action of a 
drug and its inhibition of one or more enzymes mediating certain reactions 
or steps in a synthetic process. 

Despite the above considered complexities and difficulties, students of 
cell physiology recognize the well-established fact that there are certain 
basic processes which are critical in the biology of a given bacterium. An 
antibacterial drug to be effective must be capable of irreversibly blocking 
such processes. The blockage of such processes by a drug must, therefore, 
be closely analyzed to gain an insight into the mechanism of antibacterial 
drug action. 

In any growth environment, a bacterial cell must first metabolize food¬ 
stuffs to derive energy and materials necessary for the synthesis of essential 
components, such as vitamins, purines, pyrimidines, nucleic acids, poly¬ 
saccharides, lipides, new" amino acids, proteins, enzymes, etc. A bacterial 
cell cannot make use of available food molecules if it lacks ability or is 
inhibited from tapping the energy stored in the constituents of a complete 

M. Paget and G. Dhcllemmes, CompL rend. 224, 503 (1947). 

••• E. A. Zeller, Verhandl. Ver, echweiz. Physiol. 21.43 (1942). 
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amino acid medium. It is often necessary that glucose or its intermediary 
products be present as a ready source of energy for the utilization of the 
preformed amino acids. Since energy metabolism is mediated by oxidative 
enzymes, they constitute the mediators of the basic biochemical processes 
common to all cells. An interference by drugs with the function of these 
enzymes can therefore effectively function as antibacterial chemothera¬ 
peutic action. It does not necessarily mean that the action of antibacterial 
agents is limited only to these sites to be effective. 

a. Inhibition of Bacterial Respiration by Sulfonamides 

In view of the above considerations, various investigators who under¬ 
took the study of the problem of the mode of action of sulfonamides began 
their study with the determination of the interference by these drugs with 
the oxidative mechanism of pathogenic bacteria. The subject has already 
been review’ed by Henry”® and Sevag.*®° For later discussion, certain 
pertinent data will be discussed here. Barron and Jacobs,*®* Chu and Hast¬ 
ings,*®® Ely,*®* Dorfman et aL,^^- *®*‘ *®* Kohn and Harris*®’ (see Henry*®®), 
and Clifton and Loewinger*®* reported inhibitions of bacterial respiration 
by sulfonamides ranging from negligible to 85%. Frei,*®® Frei and Jisierski*’® 
reported that from 0.25 to 0.75 mg. of sulfathiazole/ml. inhibits from 40 to 
85% of the oxidation of glucose, glutamic acid, succinic acid, and lactate by 
Pasteurella avicida and Streptococcus pyogenes in the presence and absence 
of blood or serum. 

Since the weight of cells was not determined where growth occurred, 
it was not possible, on the basis of the above cited observations, to correlate 
the inhibition of respiration w^ith the inhibition of the growth of bacteria 
by sulfonamides. Sevag and Shelburne*®® reported the result of a series of 
studies representing a direct correlation between the degree of inhibition 
of oxidation enzymes and that of growth in a given system using Strepto¬ 
coccus pyogenes and pneumococci as test organisms. 

Measuring simultaneously at various time intervals, in the presence of 
yeast extract, serum, glucose, and sulfanilamide, the increase in the number 
of streptococci and the milligrams of nitrogen produced and the respiration, 

R. J. Henry, Bad. Revs. 7, 175 (1943). 

M. G. Sevag, Advances in Emymol. 6, 33 (1946). 

K. 8. G. Barron and H. R. Jacobs, Proc. Soc. Expll. Biol. Med. 97, 10 (1937). 

H. I. Chu and A. B. Hastings, J. Pharmacol. 68,407 (1938). 

J. O. Ely, J. Bad. 88, 391 (1939). 

A. Dorfman, L. Rice, S. A. Koser, and F. Saunders, Proc. Soc. ExpiL Biol. 
Med. 46, 750 (1940). 

*®‘A. Dorfman, L. Rice, and 8. A. Koser, J. Biol. Chem. 140, XXXIII (1941); 
J. Bad. 48, 69 (1942). 

A. Dorfman and S. A. Koser, J. Infectious Diseases 71, 241 (1942). 

H. 1. Kohn and J. 8. Harris, J. Pharmacol. 78, 343 (1941). 

*®* C. £. Clifton and I. £. Loowinger, Proc. Soc. Exptl. Biol Med. 08, 226 (1943). 
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the inhibition of both aero^)ic and anaerobic oxidation was demonstrated 
to result in proportional inhibition of growth. In view of these relationships 
they**® formulated the “Inhibition of Respiration” theory as the mode of 
action of sulfonamides. A recalculation of our data by Henry*** on a per 
cell or mg. N basis showed that in actively growing cultures, approximately 
65% inhibition by sulfanilamide of aerobic respiration or approximately 
45% inhibition of anaerobic growth resulted or accompanied complete 
bacteriostasis. It was likewise shown (Sevag and Shelburne.*®® Sevag et al}^ 
and Sevag and Gots®®) that the respiration of pneumococcus, type I, in the 
presence of yeast extract and glucose was 38-42% inhibited by sulfanila¬ 
mide, which was accompanied by a 45% inhibition of growth; 0.0038 M 
sulfathiazole caused 65% inhibition of the oxygen uptake by pneumococcus, 
type I, in the presence of glucose. 

In a careful study, Fisher and Armstrong®®® compared the effects of 
sulfathiazole and n-propyl carbamate on the rates of growth and of oxygen 
consumption by cells of E. coli. The effects exercised by both compounds 
were found to be very similar. Concentrations of sulfathiazole or of 
n-propyl carbamate which were just sufficient to stop growth completely, 
lowered the rate of oxygen consumption per unit of bacterial protoplasm 
to a value approximately 50% of that seen in the absence of the inhibitor. 
Since both of these two compounds produce appreciable inhibition of the 
rate of oxygen consumption while they are inhibiting growth, the authors 
stated that “the possibility that the effect on oxygen consumption is the 
immediate cause of the effect on growth must be entertained.” Armstrong 
and Fisher*^® found that the inhibition of o.xygen consumption that is 
associated with ammonia fixation, by both sulfathiazole and n-propyl 
carbamate, closely parallels the inhibition of growth by these compounds. 
These inhibitors exercised no effect on the rate of oxygen consumption by 
the cells after the rate of growth had fallen and the cells were in the resting 
state. It was, therefore, pointed out that these observations would be ade¬ 
quately accounted for if growth depended on a discrete fraction of the 
total oxygen consumption of the growing cell. 

6. Inhibition of Bacterial Dehydrogenases by Sulfonamides 

MacLeodand MacLeod and Dadi**‘* reported that dehydrogenase 
activity of pneumococci in the presence of glycerol, lactate, and pyruvate, 
measured by methylene blue reduction, is inhibited by sulfapyridine; 
Gots and Sevag*“ could not confirm these observations. MacLeod reported 
that the drug did not inhibit the glucose dehydrogenase activity of pneumo¬ 
cocci. Clifton and Loewinger*®* though, demonstrated the inhibition by 

••• K. C. Fisher and F. H, Armstrong, /. Oen. Physiol. 30.263 (1947). 

**® F. H. Armstrong and K. C. Fisher, J . Osn. Physiol, 30.279 (1947)* 

J. 8. Gets and M. G. Sevag, /. Bad. 06. 709 (1948). 
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sulfanilamide of the aerobic and anaerobic respiration of E, colt but could 
not demonstrate an inhibition of the reduction of methylene blue. Brazda 
and Rice*^* likewise failed to show the inhibition of the D-alanine dehydro¬ 
genase. Bucca*^* working with gonococci demonstrated the inhibition of 
lactic dehydrogenase by sulfanilamide but not that of glyceric acid de¬ 
hydrogenase. Fox^* determined manometrically the effects of sulfonamides 
on certain enzymes of E, coli. He reported that, aerobically, the oxidation 
of lactate, and anaerobically, the dismutation of pyruvate is depressed. 
In contrast, he did not find an inhibition of lactic dehydrogenase. This 
sulfonamide inhibition of the aerobic lactate oxidation and that of pyruvate 
dismutation was found to be approximately proportional to the bacterio¬ 
static action in growing cultures with equivalent sulfonamide con¬ 
centrations. 

In connection with the above reported failures of an inhibition of de¬ 
hydrogenase activities by sulfonamides, Sevag and Gots®® found that 
methylene blue antagonizes the inhibitory action of sulfonamides on the 
oxygen uptake by pneumococci in the presence of glucose. In the Thunberg 
technique, when the order of the addition of various factors was varied, 
only the system in which methylene blue was added last from the side 
arm of the Thunberg tube showed 57% inhibition of the reduction of the 
dye by sulfathiazole. This inhibition indicates that sulfonamides and 
methylene blue may compete for the same enzyme site, probably flavo- 
protein. 

c. Sidfonamide Inhibition of Hydrogen Transfer in Bioluminescence 

Johnson and Moore*^* reported that sulfanilamide (SA) readily inhibits 
bacterial luminescence. This inhibition appeared at a slightly lower con¬ 
centration of SA than the amount required for the inhibition of growth. It 
is l)elieved (Johnson et that sulfonamides fall in a group of nar¬ 

cotics together with barbiturate, chloral hydrate, and p-aminobenzoic 
acid, which decrease the light intensity of luminous bacteria. The inhibition 
by p-aminobenzoic acid was observed with a concentration higher than 
that of SA. The results showed that the action of these inhibitors is on the 
enz3rme luciferase (Johnson*^®). 

On the basis of available spectroscopic data and the energy changes in¬ 
volved, it has been suggested that the luciferin-luciferase system may be 
related to a flavoprotein with luciferin as the carrier. The light-emitting 
organ of lampyrids contaias excessively large concentrations of flavin 

F. G. Brazda and J. C. Rice, Proc. Soc. Exptl. Biol, Med, 49, 6 (1042). 

»»» F. H. Johnson and K. Moore, Proc. Soc. Exptl. Biol. Med. 48, 323 (1941). 

F. H. Johnson, D. E. S, Brown and D. A. Marsland, J. Cellular Comp. Physiol. 
20, 209 (1942). 

F. H. Johnson, H. B. Eyring, and R. W. Williams, J. Cellular Comp. Phyeiol. 
SO. 247 (1942). 
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(Johnson*^*). Flavin has recently been isolated from luminous bacteria and 
appears to be no different from the flavin or other sources. lAiminescence 
involves hydrogen transfer. The inhibition of luminescence by various 
inhibitors may also involve an interference with the function of flavopro- 
tein, though proof is as yet lacking (Johnson et 

The inhibition of luminescence by 1,4-naphthohydroquinone, and by 
redox indicators, methylene blue, pyocyanine, phthiocol, is due to an inter¬ 
ference with the hydrogen transfer required for luminescence. The in¬ 
hibitors are hydrogenated by acting as hydrogen carriers, shifting the bac¬ 
terial luciferin into a more oxidized state. Unlike the mechanism of the 
inhibition of bacterial luminescence by redox indicators, the inhibition of 
luminescence by sulfonamides, p-aminobenzoic acid and the narcotics is 
an interference with the hydrogen transfer to luciferin by way of the light 
emitting system. 

d. Antagonism between Sulfathiazole, Methylene Blue and Riboflavin 

In a study with pneumococcus, type I, the antagonisms among sulfa- 
thiazole, methylene blue and riboflavin were determined V)y Gots and 
Sevag.^*® 

In these experiments sulfathiazole exercisc^d from 30 to 08% inhibition 
of oxygen uptakes in the j^resence of glucose. Both methylene blue and 
riboflavin individually antagonized sulfathiazole inhibition. Methylene blue 
and riboflavin presc^nt together in the system completely abolished sulfa¬ 
thiazole inhibition. This abolition of sulfathiazole inhibition is more effec¬ 
tive if pneumococci are allowed to stami with riboflavin for one or two hours 
before sulfathiazole is added to the system. However, notwithstanding, this 
effective antagonism to sulfathiazole by riboflavin alone or together with 
methylene blue, there is a gradual increase in the inhibition by sulfathiazole 
zole by displacing both riboflavin and methylene blue from the site of the 
reaction. This di.splacement mechanism indicated b^^ a rise from 0 to 35% 
inhibition is due to the greater affinity exercised by sulfathiazole for the 
susceptible site of the enzyme than by methylene blue and riboflavin. In 
view of the operation of this displacement mechanism, in growth experi¬ 
ments neither methylene blue nor riboflavin would be capable of counter¬ 
acting the growth inhibitory action of sulfathiazole. A consideration of these 
relationships is a necessary condition in the understanding of the anti¬ 
bacterial action of a given drug. A drug that is readily counteracted by the 
factors present in a nutritional environment could not serve as an effective 
chemotherapeutic agent. The success of sulfonamides as antibacterial agents 
against certain pathogenic organisms must therefore l>e governed by the 
fact that none of the antagonists so far studied are effective in displacing 
sulfonamides from the site of reaction. 

J. S. Gots and M. G. Sevag, J. Bact. Q8» 685 (1949). 
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The above observations likewise show that pneumococcal flavoprotein is 
most likely the site of the action of sulfathiazole, and riboflavin and meth¬ 
ylene blue as well (see further, Gots and Sevag,*“ Sevag and Gots*®). 

e. Inhibition of Pyruoate Metabolism by Sulfonamides 

Having gained the information that the sulfonamides interfere with the 
energy metabolism of bacterial cells resulting in or accompanied by the 
inhibition of growth, the question of which key oxidation enz 3 anes sul¬ 
fonamides are able to block naturally had to be considered. The effect of 
sulfonamides on the metabolism of pyruvate formed as the terminal inter¬ 
mediary product of glucose metabolism was investigated in this laboratory. 

Due to the presence of the thiazole ring in the coenzyme cocarboxylase 
involved in the metabolism of pyruvate and in sulfathiazole, the idea was 
entertained (Sevag et al}^^) that sulfathiazole would exercise a more 
specific inhibitory action on the pyruvate metabolism than the other 
sulfonamides. 

It was found (Sevag et aZ.®®®*) that in comparison with the other sul¬ 
fonamides, sulfathiazole is the most powerful inhibitor of the enzyme 
system involved in the metabolism of pyruvate. In agreement with our 
observation according to Rammelkamp and Jewell*^^ and Strauss et al}^^ 
sulfathiazole is about four times as effective as sulfadiazine, eight times as 
effective as sulfanilamide, and five or six times as effective as sulfapyridine 
on the growth of Staph, aureus. Similar results were obtained with E, coli. 
The greater inhibition by sulfathiazole of the pyruvate metabolism and of 
the growth of Staph, aureus and E, coli suggests a causal relationship and 
makes the relation of the blockage of pyruvate by sulfathiazole to the 
latter’s antibacterial action more real than apparent. 

Another set of data related to the critical role of pyruvate metabolism was 
obtained in a comparative study of the susceptibility to sulfonamides of 
the growth of Staphylococcus aureus in the presence of glucose, and of 
pyruvic acid (see Table I, Sevag and Green,*®* Sevag et aZ.,®*®). 

It is evident from the above data that growth of staphylococci is sus¬ 
ceptible to sulfonamide in the presence of either glucose or pyruvate, and it 
takes a sixteen-fold greater amount of sulfanilamide to produce an inhibi¬ 
tory effect equal to that of sulfathiazole. 

/. ArUagonism between Cocarboxylase and Sulfathiazole 

The inhibition by sulfathiazole of pyruvate metabolism by yeast and 
Staphylococcus aureus is antagonized by cocarboxylase (Sevag et al}^^^). 
With yeast, one molecule of cocarboxylase antagonized more than 8000 

H. Rammelkamp and M. L. Jewell, Proc, Exptl, Biol. Med. 48, 27 (1941). 

«*E. Strauss, J. H. Dingle, and M. Finland, /. Immunol. 42, 313, 331 (1941). 

®>® M. O. Sevag, £. Steers, and M. Forbes, Arch. Biochem. 26,85 (1950). 
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molecules of sulfathiazole. The experiments were carried out with intact 
yeast and yeast washed with alkaline phosphate. 

Similarly, the inhibition by sulfathiazole of the pyruvate metabolizing 
enzymes in bacteria measured manometrically was antagonized by co¬ 
carboxylase; one molecule of cocarboxylase counteracted the inhibitory 
effect of 215 molecules of sulfathiazole. 

g. Antagonism of p-Aminobenzoic Acid to the Inhibitory Action of Sulfathiazole 

on Pyruvate Metabolism 

Sevag and Shelburne*®® working with Streptococcus pyogenes, and Clifton 
and Loewingeri®* working with E. coli showed that the inhibition of respira¬ 
tion by sulfanilamide is antagonized by p-aminobenzoic acid. 

Sevag el likewise found that p-aminobenzoic acid antagonizes the 
inhibition hy sulfathiazole of pyruvate metabolism. The molar ratios of 
sulfathiazole to p-aminobenzoic acid in these experiments were comparable 
in magnitude to those observed in growth experiments. 

The inhibition of the carboxylase activity of yeast by sulfathiazole 
shows that sulfathiazole exercises a strong affinity for the enzyme car¬ 
boxylase, which contains cocarboxylase as the coenzyme group that only in 
part is structurally related to the substituent groups in the sulfathiazole 
molecule. In bacteria, the metabolism of pyruvate, according to Lip- 
mann,**® is mediated by an enzyme system involving the participation of 
cocarboxylas<.> (thiamine pyrophosphate) and flavin-adenine-dinucleotide 
respectively, as coenzymes. The inhibition of the metabolism of pyruvate 
by sulfathiazole would therefore appear to involve an action on both the 
flavoprotein and the thiamine enzyme. This is in agreement with the 
observations already discussed above that sulfonamides interfere with 
the dehydrogenase activities of various bacteria, the flavoproteins of pneu¬ 
mococcus and the carboxylase activity of yeast. Sulfonamides inhibit, 
therefore, in addition to the thiamine enzyme, enzyme systems, such as 
flavoproteins which contain flavin-adenine-dinueleotide or riboflavin mono¬ 
phosphate as coenzyme, with no structural similarity to sulfonamides or to 
p-aminobenzoic acid, which, as discussecl above, counteracts these inhibi¬ 
tions by sulfathiazole and sulfanilamide. The neutralization of sulfathiazole 
inhibition by methylene blue and riboflavin shows that the inhibitions and 
anti-inhibitions by these substances are independent of structural similarity. 
These substances combine with the protein moiety of the enzymes not 
because it contains a structural analogue, but because of an inherent affin¬ 
ity between the protein molecule and the nonprotein substances discussed 
here, and the energy yielding substrates as well. An unbiased grasp of these 
relationships should serve as basis for an undei'standing of the mechanism 
of the action of antibacterial drugs. 

F. Lipmann, Cold Spring Harbor Symposia Quant. Biol. 7, 248 (1939). 
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A. The Inhibition of Amino Acid Synthesis by Stdfonamides 

It is now well established that in the chain of reactions leading to the 
i^thesis of amino acids and protein, the first product of critical importance 
in carbohydrate metabolism is phosphopyruvic acid. Phosphopyruvate is 
thesourceof‘acetylphosphate,’* which plays an important roleinthe acetyla¬ 
tion reactions, yielding condensation and other products. What is more im¬ 
portant, pyruvate stands at the threshold of the tricarboxylic acid cycle 
that provides cells growing actively in the presence of glucose or pyruvate 
with other a-keto acids, oxalacetic, oxalsuccinic acid, and a-ketoglutaric 
acid. These a-keto acids are active components of transamination reactions 
for the sjmthesis of the corresponding amino acids and certain other amino 
acids as well, and thereby the synthesis of proteins. Growth of the drug- 
sensitive staphylococci in a medium containing pyruvate in place of 
glucose is also sensitive and is comparable to the sensitivity of growth in 
glucose-containing medium (Sevag and Green, 2 ®* Sevag el It is 

reasonable to conclude that the blockage of pyruvate metabolism can stop 
any of the reactions associated or dependent on pyruvate metabolism and 
may be considered as a critical site of sulfonamide action. 

In the absence of glucose, the synthesis of amino acids by bacteria from 
other amino acids is dependent on oxidative deamination reactions to 
provide the cells with the liberated energy and with a-keto acids necessary 
for the transaminations and the syntheses of other a-keto acids correspond¬ 
ing to the amino acids to be S3rnthesized. The enzymes that catalyze the 
oxidative deamination of amino acids are known as d- and L-amino acid 
dehydrogenase (Stumpf and Green,®^‘ Green et Blanchard ei 
The enzymes are flavoproteins with flavin monophosphate as the coenzyme 
group of L-amino acid dehydrogenase and flavin-adenine-dinucleotide as 
the coenzyme group of D-amino acid dehydrogenase. 

Lichstein and Cohen”^ have shown that various bacteria contain highly 
active transamination enzyme systems. By these systems the bacteria 
make use of metabolic pathways that involve pynivate-alanine, oxalacetate- 
aspartate, glutamate-glutarate, etc, metabolism for the s^mthesis of other 
amino acids paving the way for the synthesis of proteins. 

i. Blockage of Tricarboxylic Acid Cycle by Sulfonamides 

The inhibition of pyruvate metabolism and the synthesis of glutamic 
as well as other amino acids from each other by sulfonamides was discussed 

*** P. K. Stumpf and D. E. Green, y. Biol. Chem. 168, 387 (1944). 

•**D. E. Green, D. H. Moore, V. Nocito, and 8. Ratner, J. Biol. Chem. 166, 383 
(1944). 

M. Blanchard, D. E. Green, V. Nocito, S. Ratner (and D. H. Moore). J. Biol. 
Chem. lei, 683 (1946). 

•*♦ H. C. Lichstein and P. P. Cohen, J. Biol. Chem. 167,86 (1946). 
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above. This, integrated with the findings (Frei**®) that sulfathiazole inhibits 
the oxidation of glutamic apid and succinic acid by PdsteureUa avicida, shows 
that the pathways leading from pyruvate, succinate and amino acids to the 
tricarboxylic acid cycle, the most important metabolic pool involved in the 
growth mechanism, is blocked by sulfonamides. The fact that sulfonamides 
block the metabolism of amino acids in these reactions would indicate that 
one of the enzymes susceptible to sulfonamides may be flavoprotein. 

Steers and Sevag^^ and Sevag and Steers*®® found that of these amino 
acids, the synthesis of glutamic acid by Staphylococcus aureus is one of the 
most sensitive sites. Five micrograms of sulfathiazole per milliliter com¬ 
pletely inhibited this synthesis and inhibited those of methionine and 
lysine 50% or less. Winkler and DeHaan,*®®*^ in a study with E. coli and 
Salmonella typhimurium growing in glucose-salt medium, reported that 
successively increasing concentrations of sulfanilamide inhibited the en¬ 
zyme systems involved in the synthesis of methionine, xanthine, and serine 
(in this order). The synthesis of methionine was most sensitive to this drug. 
In the study by Steers and Sevag*®* the synthesis of glutamic acid was 
many times as sensitive as those of methionine and lysine. The above con¬ 
siderations are schematized below: 


Glucose Pvruvate ^ Tricurboxviic cycle Glutamic acid ^ 

T ' T if ^ ^ 

Sulfonamide Sulfonamide jj <-Sulfonamide Sulfonamide 

sensitive sensitive J{ sensitive sensitive 




Bteic acid 
I Alanine 
Aspartic acid 
Proline 
Lysine 
! Histidine 


Succinic acid 


j. Interference by Sulfathiazole xoith the Functions of Riboflavin, Pantothenate, 

and Tryptophan 

The consideration of the various effects of sulfonamides up to this point 
include: (a) Inhibition of the respiration of bacteria associated or accom¬ 
panied with a parallel inhibition of growth; (b) inhibition of the various 
bacterial flavoproteins and thiamine protein enzymes involved in the 
metabolism of pyruvate by resting and by growing cells; (c) inhibition of 
succinic acid and glutamic acid oxidases; (d) inhibition of the synthesis of 
amino acids, among which the synthesis of glutamic acid, methionine, 
lysine {Staph, aureus), methionine, and serine {E. coli), in the order given, 
were most sensitive to sulfonamides. Integration of these effects shows 
that the tricarboxylic acid cycle, which constitutes one of the most important 
metabolic pools in the growth mechanism, is blocked by sulfonamides. 

E. Steers and M. G. Sevag, Arch. Bichem. 24» 129 (1949). 

”• M. G. ^vag and E. Steers, Arch. Biochem, 24, 144 (1949). 

K. C. Winkler and P. G. DeHaan, Arch, Biochem. 18,97 (1948). 
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In addition to the above inhibitions, sulfonamides interfere with the 
functions of pantothenate which appears to play, as discussed elsewhere in 
this article, a critical role in the reactions involved in the tricarboxylic acid 
cycle and in other systems. 

It has been observed (Sevag and Green*®®) that the inhibition of growth 
observed in the absence of tryptophan but presence of glucose not only is 
abolished but there is a 38% acceleration of the growth in the combined 
presence of tryptophan, riboflavin, pantothenate and glucose. Since this 
effect related to pantothenate is not produced in the absence of glucose, 
the role of pantothenate in producing this acceleration is intimately related 
to an effort of pantothenate on the metabolic end products of glucose, such 
as pyruvate and acetylphosphate discussed elsewhere in this article. 

Riboflavin abolished the inhibition by sulfathiazole of the growth de¬ 
pendent on amino acid metabolism by virtue of the fact that flavoproteins 
are involved in the oxidative deamination occurring during the amino acid 
metabolism. The metabolism of the oxidative deamination products, a-keto 
acids, which likewise are obtained from glucose metabolism are accelerated 
by pantothenate (Kersey and Porter*®®). Thus, flavoprotein, or its coenzyme 
group, and pantothenate in the form of coenzyme A function hand in hand 
to produce the above discussed sulfonamide-antagonizing effects. 

That pantothenate is a critical vitamin in the sulfonamide picture is 
indicated by the results obtained by Miller et Comparing the synthesis 
of pteroylglutamic acid, pantothenate, biotin, and nicotinic acid by sul¬ 
fonamide-susceptible and sulfonamide-resistant pairs of related E, coli 
strains, they found that nicotinic acid synthesis by both the susceptible 
and the resistant strain was not inhibited by sulfathiazole. The synthesis 
of the other three vitamins by the susceptible strain was sensitive to 
sulfathiazole; of these three vitamins, the s^mthesis of folic acid was the 
least sensitive. When the sulfathiazole-resistant strain was grown in a 
drug-containing medium, its synthesis of pantothenic acid was increased, 
nicotinic acid was not changed, biotin was depressed slightly, and folic acid 
was moderately inhibited. Thus sulfathiazole has been shown to have 
greater effect on pantothenic acid synthesis than on folic acid synthesis; in 
other w'ords, the interference by sulfathiazole with the synthesis and 
function of pantothenate is more critical than the synthesis of folic acid. 
Shive and Macow*®® made the interesting observation that aspartic acid 
is a precursor in the bioi^nthesis by E, colt of the /S-alanine portion of 
pantothenic acid. If one accepts this conclusion, the inhibition of the oxida¬ 
tive deamination of glutamic acid involving the mediation by flavoprotein, 
of succinic acid, and of pyruvate metabolism by sulfathiazole would result 
in the inhibition of the synthesis of aspartic acid and thereby of panto¬ 
thenate. The interference by sulfonamide with the function of flavoproteins 

A. Katherine Miller, P. Bruno, and R. M. Berglund, J. Baet, S8,9 (1947). 
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would seem to play a critical role in these reactions. At this point it might 
be pointed out that the synthesis of riboflavin by bakers yeast is not blocked 
by sulfonamides (Eppright and Williams*^*). Sulfonamide, therefore, inter¬ 
feres with the function and not with the synthesis of riboflavin. 

In view of the above considerations, it becomes clear now why the com¬ 
bined presence of riboflavin and pantothenate counteracts the inhibitory 
action of sulfathiazole on the growth of Staphylococcus aureus (Sevag and 
Green*®*). 

L Failure of Folic Add to Function as Growth Factor for L. Arabinosus 17-6 
and as an Antagonist to Sulfonamides 

Lampen and Jones**® stated that the inhibition by sulfadiazine of the 
growth of certain enterococci, i.e.. Streptococcus faecaliSj Ralston, is non- 
com petitively antagonized by pteroylglutamic acid, pteroyltriglutamic acid, 
and thymine. L. arabinosus requires p-aminobenzoic acid for growth. 
This requirement can be met by the presence of the preformed pteroyl¬ 
glutamic acid, and there is no inhibition of growth in its presence. On this 
basis, it was concluded that sulfonamides block the step involving the 
synthesis of folic acid via p-aminobenzoic acid. Pteroylglutamic acid did 
not relieve the inhibition by sulfonamides of the growth of Staphylococcus 
aureus^ pneumococci and E, colt. It is clear, therefore, that sulfonamide 
action in these and many other organisms is not related to the synthesis of 
pteroylglutamic acid, or that this synthesis is not a critical factor in the 
metabolism and growth of these organisms related to the action of sul¬ 
fonamides. As discussed below, the postulates of Lampen and Jones have 
been found to lack experimental basis. It has been found by Koft and 
Sevag**®, Koft et and Sevag et ai.**®^ that it is a decomposition product 
and not PGA per se which is a growth stimulant for L. arabinosus 17-5. 
Growth stimulation by PGA is directly related to the degree of decom¬ 
position. Aged PGA (80% decomposed, calculated as p-aminobenzoyl- 
glutamic acid (PABG)) is almost 100-fold more active than intact PGA, 
as are also p-aminobenzoic acid (PABA) and PABG. In systems containing 
3% phosphate (pH 6.8) to maintain neutrality, unlike PABA, PABG and 
aged PGA, intact PGA fails to stimulate growth earlier than after 72 hours. 
These data show that PGA per se is not active, but that it is the breakdown 
products of PGA w'hich stimulate the growth of this organism. 

The £lntagonism of PGA per se to sulfonamides reported by Lampen and 
Jones**® is apparent rather than real, and is controlled by the following: 
(1) an incubation period which is associated with the decomposition of 

•*• M. A. Eppright and R. J. Williams, J. Gen. Physiol 80, 61 (1946). 

••• J. O. Lampen and M. J. Jones, /. Biol Chem. 166, 534 (1946); 170, 133 (1947). 

B. W. Koft. and M. G. Sevag, J. Am, Chem. Soc. Tl, 3245 (1949). 

B. W. Koft, M. G. Sevag. and E. Steers, J, Biol Chem., in press, 

M. O. Sevag, B. W. Koft, and E. Steers, J. Biol Chem., in press. 
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TABLE II 


Drugs 

Inhibition of 

Enzyme source 

Inhibition 
reversed by 

References 

Proflavine 

Respiration 

T. equiperdum 


Issekutz”* 

Proflavine 

Respiration 

T. rhodesiense 


Fulton and 

Christo¬ 
phers*” 

Proflavine 

Respiration 

P. knowleai 


Fulton and 
Christo¬ 
phers*** 

Proflavine 

Respiration 
(and growth) 

Staph, aureus 

AMP, ATP, 
DPN,NA 

Martin and 

Fisher*** 

Proflavine 

Hydrogen 
transport 
(and growth) 

E. coliy Sirep‘ 
tococcuB pyo¬ 
genes 

Riboflavin, 

phenazine, 

methylene 

blue 

Mcllwain*** 

Proflavine 

Growth 

L. casei 

Riboflavin 

Madinaveitia*** 

Proflavine 

Respiration 

Baker’s yeast 

AMP, ATP, 
NA (partial) 

Massart, et 
a/.***' ***• 

Proflavine 

Dehydroge¬ 
nases of glu¬ 
cose, HDP, 
ethyl alcohol 
(and growth) 

Pneumococcus 

Riboflavin 

1 Gots and 
Sevag*"; 
Sevag and 
Gots*® 

Atabrine 

Respiration 

T. rhodesiense, 
P. knoxolesi 


Fulton and 

Christo¬ 
phers*** 

Atabrine 

Growth 

E. coli 

Spermidine, 
Spermine, 
trimethy- 
lene-tetra- 
mine, thia¬ 
mine, ribo¬ 
flavin, glu¬ 
tathione, 
pantothenic 
acid, nico¬ 
tinic acid 

Silverman and 
Evans**^ *, 
Miller and 
Peters*** 

i 


B. von iBsekuts, Arch, exptl. Path. u. Pharm. 178,479 (1933). 

^ J. D. Fulton and 8. R. Christophers, Ann. Trop. Med. Paraaiiol. 32, 77 (1938). 
G. J. Martin and C. V. Fisher, </. Lab. Clin. Med. 29,383 (1944). 

Mcllwain, Biochem. J. 85, 1311 (1941). 

*** J. Madinaveitia, Biochem. J. 40, 373 (1946). 

*** L. Massart, O. Peeters, J. de Ley, and R. Vercauteren, Experientia 8, 119 
(1947). 

L. Massart, G. Peeters, A. van Houcke and A, Lagrain, Arch, intern, phar- 
maeodynamie LXXV, 141 (1947). 

M. Silverman and E. A. Evans, Jr., J. Biol. Chem. 154, 621 (1944). 

A. Katherine Miller and L. Peters, Arch. Biochem. 6 , 281 (1946). 
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TABLE) W~—Continued 


Drugs 

Inhibition of 

Enzyme Source 

Inhibition 
reversed by. 

References 

Atabrine 

Growth 

L. casei 

Riboflavin 

Madinaveitia*** 

Atabrine 

Growth 

L, arabino8U8 

Glutathione, 

Fraser et a/.”* 




thioglycol- 
lic acid 



Atabrine 

Growth 

Pneumococcus 

Riboflavin 

Gots 

and 





Sevag*”; 

Sevag 

Gots** 

and 

Atabrine 

Respiration 

P. gallinaceum 


Silverman 

et 



\ 

1 



Old- 



1 

i 

1 1 


ham 

Kelsey*^^ 

and 

Atabrine 

Oxidation of 

P. lophurae ! 

AMP, ATP- 

Bovarnick 

et 


glucose, py¬ 
ruvate, suc¬ 
cinate 

1 i 

1 1 
! 


o/.»« 

1 



llcxokinase 

P. lophurae 


Bovarnick 

et 



\ 

1 i 

aL*<* 


Atabrine 1 

D-Amino oxi¬ 

' Lamb kidney 

j FAD*^ 

Hellerman 

et 


dase 


i 

ai.»« 


Atabrine 

D-Amino oxi¬ 

Rat liver. 

: FAD 

Wright 

and 


dase, oxygen 

brain and 


Sabine*^* 



consumption 
by glucose, 
lactate, py¬ 
ruvate, mal- 
ate, fuma- 
rate, citrate 

kidney slices 

1 

i 

! 

1 




Atabrine 

j Flavoprotein 

1 Yeast 

Flavin mono¬ 

1 Haas*** 



1 


nucleotide 

j 


Atabrine 

j Glucose-6-de 

Yeast 

Glucose-6- 

1 Haas«‘ 



; hydrogenase 


phosphate 

1 

1 



** Adenylic acid reversed also the inhibitioos by plasrnoquiae, siilfathiaiole, auramiae. SN6011 (3- 
methyl-4‘(4-diuiethylamino)*7*chloroqiunolinediphosphate) and SM10,447 (4-(4-diethylamino*l* methyl- 

b 11 tylami no) - 2,3- di methy Iq ui noli nedi phos pliate). 

^ D-Amino add oxidase was inhibited also by plasrnoquine, sulfanilamide, benxoicadd, p-aminobenxoio 
add. FAD revened these inhibitions with the exception of those of p-aminobensoic and bensoio adds. 

H. F. Fraser, F. Irreverre, and M. M, Grenan, Proc. Soc. Expil. Biol, Mad. 
61, 72 (1946). 

M. Silverman, J. Ccrthaml, L. G. Taliaferro, and E. A. Evans, J. JnJecUon* 
Diseases 76,212 (1944). 

•« F. K. Oldham and F. E. Kelsey, J. Pharmacol. 89,288 (1946). 

*** M. R. Bovarnick, A. Lindsay, and L. Hellerman, J. Biol, Chem. 169,533 (1946). 

••• L. Hellerman, A. Lindsav, and M. R. Bovarnick, J. Biol. Chem. 169,553 (1946). 

*« C. J. Wright and J. C. Sabine, J. Biol. Chem. 166,316 (1944). 

•« E. Haas, J. Biol. Chem. 166, 321 (1944). 
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TABLE II —Continued 


Drugs 

Inhibition of 

Enzyme source 

Inhibition 
reversed by 

References 

Atabrine 

Hexokinase, 
Phosphogly- 
ceraldehyde 
and pyru¬ 
vate-lactate 
dehydroge¬ 
nases 

Yeast, P. gal- 
linaceum 


Speck and 

Evans***; 
Marshall**^ 

Atabrine 

Dehydroge¬ 
nases of glu¬ 
cose, HDP 
and ethyl 
alcohol 

Pneumococcus 

Riboflavin* 

Sevag and 

Gots** 

Atabrine 

Dephosphory¬ 
lation of co¬ 
carboxylase 
(Phospha¬ 
tase) 

Yeast 


Silverman*^* 

Atabrine 

Synthesis of 
thiamine 

Torula utilie 


Silverman*** 

Atabrine 

Choline ester¬ 
ase 

Tissue 


Wright and 

Sabine*** 

Atabrine (and 
pamaquine) 

Quinine 

oxidase 

Rat liver 


Chen*** 

Quinine 

Respiration 

T. rhodeeieneCf 
P. knowleei. 


Fulton and 

Christo¬ 
phers*** 

Quinine 

Respiration 

P. gallinaceum 


Silverman et 

ol.»*«; Old¬ 
ham and 

Kelsey**^; 
Ceithaml and 
Evans*** 

Quinine 

Oxidation of 
glucose 

P. lophurae 

AMP 

Bovarnick ei 
\ oi.*** 

Quinine 

D-Amino acid 
oxidase 

Lamb kidney 

FAD 

1 Hellerman el 

al.*** 

Quinine 

Hexokinase, 
pyruvate- 
lactate de¬ 
hydrogenase 

P. gallinaceum 


Marshall*** 


* Riboflavin aim anfcasonlzad th« inhibition* by propamidina. 


J. F. Speck and E. A. Evans, J, Biol, Chem. 159, 71, 83 (1945). 
P. B. Marshall, Brit. J. Pharmacol, 3, 1, 8 (1948). 

»*• M. Silverman, J. Biol. Chem. 178, 423 (1949). 

•<* C. J. Wright and J. C. Sabine, J. Pharmacol. 98, 230 (1948). 

G. Chen, Proe. Soe, Exptl. Biol. Med. 66, 313 (1947). 

J. Ceithaml and £. A. Evans, Jr., Arch. Bioehem. 10,397 (1946). 
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TABLE ll--Coniinued 


Drugs 

Inhibition of 

Enzyme source 

Inhibition 
reversed by 

References 

Quinine 

Growth 

L. casei 

Riboflavin*^ 

Madinaveitia”* 

Quinine 

Dehydroge¬ 
nase (and 

E. coli. 

Spermine, 1 

spermidine,* 

Miller and 

Peters*** 


growth) 


riboflavin, 

cozymase 

Johnson and 
Lewin*‘* 

3,6-Ami noacri¬ 
dine 

Oxidation of 
glucose, py¬ 
ruvic, lactic, 
and oleic 

acids, as¬ 

paragine 

E, coli 


Ferguson and 
Thorne* 

Propamidine 

Oxidation of 
alanine as¬ 
paragine 
Glucose, py¬ 
ruvic acid 

E. coli 

Hat brain 


Bernheim*** 

Propamidine 

Oxidation of 
glucose,lac¬ 
tic acid 

E. coli 


Wien et of.*** 

Dibromopro- 

pamidine 





Hexamidine 

lodohexami- 

Choline 

1 

Rat liver 


Wien, et of.*** 

dine 





Diamidinc 

(undecane) 

Stilbamidine 

Diphospho- 
glyceralde- 
hyde dehy¬ 
drogenase, 
and prob¬ 
ably pyru¬ 
vate decar¬ 
boxylation 

; T. evansi 

1 

! 


Marshall**^ 

Propamidine 

Dehydroge¬ 

Pneumococcus 

Riboflavin 

Gots and 


nases 

1 

1 

j 

i 

Sevag*“; 
Sevag and 

Gots*® 

Diamidines 

j Amine Oxidase 

i 

1 Rabbit liver 

i 

Blaschko and 
Duthie**** 


^ Riboflavin al*> the inihibition o( the growth by the following eubsUneee: Quinine, gta- 

brine, propamidine, and methylene blue. 

• Spermine and apermidine alao aniagoniied the inhibition by propamidine, 

F. H. Johnson and I. Lewin, J, Cellular Comp. Phyeiol. 88i 1, 23, 47, 77 
(1946). 

•“ T. B. FergUBon and S. O. Thorne, Jr., J. Pharmacol. 88,258 (1946). 

•** F. Bernheim, Science M, 223 (1943). 

•” R. Wien, J. Harriaon and W. A. Freeman, Brit. J. Pharmacol. 8, 211 (1948). 
•”* H. Blasohko and R. Duthle, Bioehem. J .», 347 (1945). 
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TABLE II —Convinued 


Drugs 

Inhibition 

EMsyme source 

Inhibition 
reversed by 

References 

Stilbamidine, 

Growth 

E. Coli, Staph. 

Sod. nucleate 

Bichowsky*** 

pentamidine 


aureus t L. 
donovanif Tr. 
vaginalis. 



Phenylarsine 

Hexokinase 

T. evansi 


Marshall**’ 

oxide (As"*^) 
Penicillin 

Adenylpyro- 

Cl. sporogenes 


Gros and 


phosphatase 



Mache¬ 

boeuf**’ 

Penicillin 

Coagulase 

Staphylococci 


Agnew et al.*** 

Penicillin 

Urease 



Vargas and 





Eiscubos*** 

Penicillin 

Bonephospha- 



Natarajan and 


! tase 



De**® 

Penicillin 

Cholinesterase 

Guinea pig ! 


F*rommel et 



serum I 



Penicillin 

Pancreatic 

1 


Vargas and 


enzymes 



Elscubos*** 

Penicillin 

Catalase 

Staph, aureus 


Cimino and 




! 

Cimino*** 

Penicillin 

Oxidation of 

Staph, aureus 

1 

Krampitz and 


sodium ribo- 
nucleate 


j 

Workman*** 

Penicillin 

Inhibition of 

Staph, aureus 

1 

Gale*** 


the assimila¬ 
tion of cer¬ 
tain amino 
acids re¬ 

quiring 
energy 


i 


Penicillin 

Coupled oxi¬ 

Cl. sporogenes 


Gros et al.*^^ 


dative and 

Cl. saccharohu- 




reductive 

deamination 

tgricum 



Streptomycin 

Coagulase 

Staphylococci | 


Agnew et of.*** 
Walker et aZ.»*** 


••• L. Bichowsky, Proc. Soc, ExptL Biol. Med. 57, 163 (1W4). 

F. GroB and M. Macheboeuf, Compt. rend. 224, 1736 (1947). 

••• 8. Agnew, M. Kaplan, and W. W. Spink, Proc. Soc. Expil. Biol. Med. 65, 38 
(1947). 

B. 8. Walker, M. A. Derow, N. K. Schaffer, J. Bact. 56, 191 (1948). 

*** J. J. Vargas and J. J. Escul^s, Rev. expdn. fiaiol. 1, 50, 0945). 

8. Natarjan and N. N. De, Current Sci. India 15,289 (19^). 

E. Frominel, A. Goldfieder and J. Piquet, Acta Pharmacol. Toxicol. 2,207 (1946). 
8. Cimino and G. Cimino, Boll. eoc. ital. biol. eper. 28,233 (1947). 

L. O. Krampits and C. H. Werkman, Arch. Biochem. 12,57 (1947). 

£. F. Gale, Nature 160, 407 (1947). 

F. Qros, M. Macheboeuf and U. Rambeoh. Ann. inet. PatUur 75, 446 (1948). 
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TABLES 11 —Concluded 


Drugs 

Inhibition'of 

1 

Enzyme source 

Inhibition 
reversed by 

References 

Streptomycin 

t 

i 

Coupled oxi¬ 
dative and 
reductive 
deamination 
Dephosphory¬ 
lation of 

purine nu¬ 
cleotides re¬ 
sulting in 
failure of the 
formation of 
adenylic 
acid, re¬ 

quired for 1 
Stickland 
reaction 

Cl. Bporogenes 

Cl. saccharobu- 
tyricum 

> < 

< 

Gros et a/.*** 

Tyrothricin 

(gramicidin) 

] 

Transphos¬ 
phorylation, 
Glucose me¬ 
tabolism, 
synthesis of 
ATP and 
acetyl phos¬ 
phate 

Cl. sporogenes 

Gros et al.*^ 

Tyrothricin 

(gramicidin) 

Deamination 
of 3-NHa in 
arginine 

Cl. sporogeneB 
Cl. Bocckardbu- 
tryicum 


Gros et 

Tyrothricin 

tyrocidine 

1 

Alanine dehy¬ 
drogenase 

Cl. BporogeneB 
Cl. Baccharobu- 
tyricum 


Gros et al.*^* 

Tyrothricin 

1 

Stickland re¬ 
action 

(Coupled oxi¬ 
dative and 
reductive de¬ 
amination) 

Cl. BporogeneB 
Cl.Boccharobu’ 
tyricum 


Gros et al.*** 


PGA and is necessary for any antagonism to sulfonamides, (2) the concen¬ 
tration of PABG and/or PABA which brings about a competitive type of 
antagonism; PABG content of 0.01 y of PGA, though adequate for optimal 
growth, is inadequate to antagonize 1 7 of sulfonamide, and (3) the rapid 
increment of acidity in the medium which has practically no buffering 
capacity (0.1 g.% phosphate buffer). The increas^ acidity suppresses the 

••• F. Gros, M. Macheboeuf and 8. Jenlin, Ann. in»t. Patteur 76, 242 (1948). 

F. Gros, M. Macheboeuf and C. Latterade, Ann. inti. Patteur 76, 311 (1948). 
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inhibitory capacity of sulfonamide and augments the antisulfonamide 
capacity of the liberated PABG. In a well-buffered medium containing 
3.0 g.% phosphate (pH 6.8) the complete inhibition of growth by sulfon¬ 
amides persists in the presence of PGA without a detectable reversal. These 
data do not support the postulate of Lampen and Jones’^* that sulfonamides 
interfere with the synthesis of PGA via PABA Gr PABG. 

2. Acridines and Diamidines 

A survey of the inhibitions caused by the acridines, quinine, arsenicals, 
diamidines, etc. shows that these drugs act upon various respiratory and 
other types of enzymes. It is clearly shown that a given drug acts or com¬ 
bines with the protein moieties of different enzmyes listed in the table. 
These affinities between a drug and various enzyme proteins are, therefore, 
independent of structural similarity between the drugs and the coenzyme 
groups of the enzymes. For example, atabrine, which is structurally re¬ 
lated to flavin, a derivative of the coenzyme group of flavoproteins, in¬ 
hibits not only the flavoproteins but also hexokinase, phosphatase, 
cholinesterase, etc. These inhibitions show that various proteins possess 
similar affinities for a given drug. The neutralization by riboflavin of the 
inhibition of atabrine (or methylene blue), however, could be related to 
specific action of atabrine on flavoproteins (Wright and Sabine,®^* Haas,’^‘ 
Sevag**®), unless it can be shown that riboflavin is capable of also com¬ 
bining nonspecifically with the protein moieties of other enzymes, such as 
hexokinase, phosphatase, etc. We have as yet no direct evidence concerning 
the latter posability. 

In the experiments of Wright and Sabine, the atabrine treated D-amino 
acid oxidase did not inhibit the oxidation of succinic acid and p-phenylene- 
diamine, showing that atabrine is unable to inhibit the cytochrome- 
cytochrome oxidase system. Likewise in the experiments of Haas, atabrine 
failed to interfere with the cytochrome-cytochrome oxidase system. The 
interference with cytochrome reductase was specifically reversed by flavin 
mononucleotide, which is the coenzyme group of cytochrome reductase. 
In the experiments of Sevag and Gots*® the atabrine inhibition of pneumo¬ 
coccal dehydrogenases was antagonized by riboflavin but not by nicotinic 
acid and thiamine, indicating a specific relationship between the site of 
inhibition and riboflavin antagonism. 

Conversely, the inhibition of D-amino acid oxidase, a flavoprotein, by 
structurally different inhibitors, such as atabrine, quinine, plasmopuine, 
sulfonamides, benzoic acid and p-aminobenzoic acid, (Hellerman et al.***), 
and the reversal of certain of these inhibitions by riboflavin shows that 
inhibitors of different structural make up exercise affinities for the protein 
moiety of a given flavoprotein. Reversal of these inhibitions by .flavin 
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adenine dinucleotide shows that the coenzyme exercises a greater affinity 
than these inhibitors. Failure of FAD to reverse the inhibitions by benzoic 
acid and p-aminobenzoic acid may indicate that the latter two substances 
exercise a greater affinity for the protein than the former. Or it may be 
that these agents combine with groups of flavoprotein other than those 
involved in the combination with flavin-adenine-dinucleotide. 

Reversal by adenylic acid, adenosine triphosphate, and partially by 
nucleic acid (Martin and FisherMassart et Bovarnick et al.^^ 

Hellerman et al.^^) of the inhibition by acridines has been stated to be due 
to chemical combination between the acridines (methylene blue as well) 
and the nucleotides and nucleic acids (Massart et In this manner, 

the concentration of the acridines are reduced partially or completely in 
the reaction system, and the inhibition is thereby abolished. In these 
systems, apparently, the inhibitors exercise a stronger affinity for the 
nucleotides than for the proteins of the oxidative enzymes. Reversal by 
alkaline earth metals of the inhibitions by acridines (Massart et al}^) 
may be attributed to a reaction between the metals and the susceptible 
enzyme groups thus preventing inhibitions by acridines. 

The data presented in the table show that atabrine and acridines inhibit 
the respiration of yeast, oxidation of glucose, pyruvate, succinate, hexosedi- 
phosphate, glucose-O-phosphate, phosphoglyceraldehyde and amino acids; 
they inhibit the activities of hexokinase, flavoprotein, cytochrome reductase 
various dehydrogenases, synthesis of thiamine, etc. of the various micro¬ 
organisms. Therapeutically active diamidines act in a similar manner. In 
the.st^ respects these drugs resemble sulfonamides as discussed here. In view 
of the above types of inhibitions it could be concluded that these chemo¬ 
therapeutic agents paralyze the parasites by blocking their critical enzvmes, 
such as those involved in oxidative mechanisms. 

Another effect would result from a combination between acridines and 
nucleoprotcins and nucleic acids. Wagner-Jauregg’®® demonstrated the 
existence of stoichiometric compounds between adenylic acid or adenosine 
triphospiiate on the one side, and acridines on the other. Mcllwain®^^ pre¬ 
pared such complexes using yeast nucleic acid and proflavine. Massart and 
his associates isolated a compound between rivanol (lactate of 2-ethoxy- 
5,7-diaminoacridine) and yeast nucleic acid containing 4 molecules of 
rivanol to 1 molecule of nucleic acid. 

A combination between an acridine and adenylic acid and adenosine 
triphosphate would deprive any cell of its most important wheel of energy 
metabolism and therefore paralyze it completely. If w^e agree with the 

L. Massart, G. Peelers, and J. Wuyts-Robiette, Arch, intern, pharmacodynamie 
76, 162 (1947). 

Th. Wagner‘Jauregg, Z. physiol, chem, 289,188 (1936). 
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h 3 ^othesis that the genes are nucleoprotein in nature, a combination 
between an acridine and nucleic acid (or nucleoprotein in a cell) could 
cause mutational changes evolving a resistance mechanism. 

3. Streptomycin Action 

Cohen*^® found that streptomycin combines with nucleic acids to form 
polymeric compounds. The size of the compounds depended on the com¬ 
bining ratios of the bivalent base to multivalent nucleates. He also reported 
that streptomycin precipitates F. colt phage. Bracco and von Euler^^* re¬ 
ported that streptomycin inhibits the formation of chlorophyll by seeds, 
e.g., barley. Their chloroplasts were free from chlorophyll. Streptomycin 
was likewise found to precipitate chloroplastin. Provasoli el reported 
that streptomycin abolished the formation of chlorophyll by several strains 
of Euglena gracilis under both nonproliferating^ and growth conditions. 
Loss of this ability persisted for generations in streptomycin-free media. 
Massart et found that streptomycin prevented the staining of 

yeast by trypaflavine. 

Schuler^^ observed that streptomycin acts on the respiration of E}. colt 
and staphylococci. The inhibition of the respiration of staphylococci by 
streptomycin is reported also by Hirsch and Dosdogru.”^ In both instances 
a period of latency preceded the active inhibition. 

Fitzgerald et aL^* reported that streptomycin inhibits the oxidation of 
benzoic acid by washed suspensions of Mycobacterium tuberculosis and 
M, lacticola. However, when the cells had been put through the induction 
period in the presence of 5 to 60 yg. benzoic acid, streptomycin did not 
exercise an inhibitory effect on the oxygen uptake of the post-induction 
period. They concluded that the induction period corresponded to the 
formation of an “adaptive enzyme*' and that streptomycin had no in¬ 
hibitory effect on the oxidation once this “adaptive enzyme" is formed. 

Nelson and Dawson*^ have reviewed the literature and discussed the 
mechanism of the oxidation of the benzene nucleus in a critical manner. 
These authors, and Evans^* who subjected to a careful chemical analysis 

S. S. Cohen, J. Biol. Chem. 166, 393 (1946). 

M. Bracco and H. von Euler, Kemist^ Arbeten Nyfdljd II. 10 (1947). 

L. Provasoli, S. H. Hutner, and A. Schatz, Proc. Soc. Exptl. Biol. Med. 69, 279 
(1948). 

L. Massart, G. Peelers and A. Van Houcke, Experienlia III, 289 (1947). 

L. Massart, G. Peelers, J. de Ley, R. Vercauteren, and A. Van Houcke, Exper- 
ienlia 8 , 288 (1947). 

W. Schuler, Experienlia 8, 110 (1947). 

J. Hirsch and S. Dosdogru, Arch. Biochem. 14, 213 (1947). 

R. J. Fitzgerald, F. Bernheim and D. B. Fitzgerald, J. Biol. Chem. 176, 196 
(1948). 

J. M. Nelson and C. R. Dawson, Advances in Enzymol. 4,99 (1944). 

W. C. Evans, Biochem J. 41,373 (1947). 
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the oxidation of phenols and benzoic acid by various bacteria, have shown 
that the induction period corresponds to the formation of mono- and di- 
hydroxybenzene derivatives. These catalyze the accelerated oxidation of 
the benzoic acid. Addition of a few molecules of the preformed dihydroxy- 
benzene derivatives to such systems eliminates the induction period. It is 
therefore possible that streptomycin inhibited the formation of mono- and 
dihydroxy derivatives from benzoic acid and not the production of an 
“adaptive enzyme.** 

Henry et studied the aerobic oxidation of glucose, pyruvate, lactate 
and glycerol by S, aureus and B. cereua and found that acetate was the 
only substance tested for that was found to be present consistently in 
greater amounts in the presence of streptomycin than in the absence of 
streptomycin. Acetate also was found to accumulate in increased amounts 
during the endogenous respiration of the susceptible strain of B, cereus in 
the presence of inhibitory concentrations of streptomycin. The oxidation 
and utilization of acetate by the susceptible strain of B, cereus was com¬ 
pletely blocked. With this organism, but not with Staph, aureus^ the total 
hydrolyzable reducing substances of the cell were found in decreased 
amounts when growth occurred in the presence of streptomycin, which was 
interpreted to indicate a blockage of the oxidative assimilation of 
carbohydrate. 

Under anaerobic conditions, streptomycin (1 streptomycin/ml.) in¬ 
hibited the growth, and the metabolism of glucose and pyruvate by B. 
cereus, and the metabolism of pyruvate by S. sonnet. With Staph, aureus 
the anaerobic growth was inhibited, but the anaerobic metabolism of 
pyruvate and glucose was not inhibited by streptomycin. 

The accumulation of acetate resulting from the inhibition by strepto¬ 
mycin of the oxidation of glucose, pyruvate, lactate, and glycerol might 
indicate that the utilization of acetate for condensation reactions, and the 
initiation of the tricarboxylic acid cycle is inhibited. These results and those 
observed by Geiger and IJmbreit seem to corroborate each other. 

A real beginning was made by Geiger*®® in the study of the mode of 
action of streptomycin on bacteria, and was extended by Umbreit.*®* 

Geiger showed that when the washed cells of E. colt are shaken for 3 
hours with fumarate, or succinate, malate, oxalacetate, glucose, lactate, 
glycerol (but not pyruvate), the oxidation of serine, alanine, leucine, and 
glutamate were accelerated. The accelerated oxidations were inhibited 
by streptomycin. The inhibition of the oxidation by streptomycin of 
aspartate did not require the above pretreatment. Geiger interpreted these 

J. Henry, R. J. Henry, R. D. Housewright and S. Berkman, /. Bact. 56, 527 
(1948). 

••• W. D. Geiger, Arek. Biochem. 15,227 (1947). 

“ W. W. Umbreit, J. Biol. Chem. 177,703 (1949). 
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results to indicate that unidentified intermediates formed from the oxida¬ 
tion of fumarate were necessary for amino acid metabolism. The role of 
these hypothetical intermediates in the oxidation of amino acids was 
inhibited by streptomycin. The transamination reactions were not affected 
by streptomycin. 

According to Umbreit, streptomycin prevents the formation of the 
hypothetical intermediate from fumarate, etc., rather than by interfering 
with its action once it is formed. The oxidation of both pyruvate and 
fumarate under suitable conditions is inhibited by streptomycin. Strepto¬ 
mycin is believed to prevent the oxidation of pyruvate by way of condensa¬ 
tion with oxalacetate, which is supposed to be an intermediate of fumaric 
oxidation. The previous oxidation of fumarate stimulates the oxidation of 
threonine. This stimulation is likewise inhibited by streptomycin. 

The following findings are of interest in connection with the above 
observations. Green et reported that the addition of from 1 to 3% 
pyruvate or fumarate to nutrient broth supported growth of E, coli in 
the presence of from 10 to 150 /ig./ml. of streptomycin. Salts of succinic, 
formic, malic, and maleic acids also exerted some antagonistic effect on 
streptomycin, lactose, glycerol, glycerophosphate, and lactic, acetic, and 
propionic acids had no effect on the growth-inhibiting action of streptomycin 
on E. coli. Pyruvate and fumarate also protected P. vulgaris but not A. 
aerogenes and S. aureus. 

4. Action of Quinones on Enzymes in Relation 
TO Antibacterial Action 

Certain antibiotics, such as javanicin, fumigatin (3-hydroxy-4-methoxy- 
2,5-toluquinone), citrinin, etc. are quinone type of compounds. Fischer 
et al.^^ believe that the antibacterial activity of certain tetramethyldi- 
aminodiphenylmethane dyes is due to the presence of quinoid structures. 

The inhibition of various enzymes by quinones has been known for some 
time. p-Benzoquinone has been shown to inhibit muscle succinic dehy¬ 
drogenase (Wieland and Frage,®*^ Wieland and Lawson^®^), milk aldehyde 
dehydrogenase (Wieland and MitchelP®®) alcohol dehydrogenase of Aceto- 
bacter suboxidans and yeast (Wieland and Pistor,®®^ Wieland and Claren®®®), 
urease (QuasteP®®), papain (Bersin and Logemann,®®® Hoffmann-Osten- 

*•* S. R. Green, W. P. Iverson, and S. A. Waksman, Proc. Soc. Exptl. Biol. Med. 
67, 285 (1948). 

*** £. Fischer, C. Garces, and A. Lopes, J. Bact. 61, 1 (1946). 

H. Wieland and K. Frage, Ann. 477, 1 (1929). 

*•* H. Wieland and A. Lawson, Ann. 4M, 193 (1931). 

“• H. Wieland and W, Mitchell, Ann. 492,166 (1932). 

w H. Wieland and H. J. Pistor, Ann. 686, 206 (1938). 

H. Wieland, 0. B. Claren, and P. Couceiro, Ann. 609, 182 (1934). 

«• J. H. Quastel, Biochem. J. 27,1116 (1933). 

T. Bersin and W. Logemann, Z. physiol. Chem. 220,209 (1933). 
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hof and Biach*®0> carboxylase (Kuhn and Bernert^®*), bacterial pyruvic 
oxidase (Wallenfels®®®) and plant lipoxidase (Sullmann^®^). Karrer and 
Viscontini®®® reported that the yeast carboxylase activity is reduced by 
high concentrations of various quinones, ketones, and phenols, Gemmill*®* 
reported that naphthoquinones inhibit glycolysis in frog muscle enzyme 
systems which could be reversed by cysteine. 

WendelP®^ reported that 2-hydroxy-3-alkylnaphthoquinone and many of 
the naphthoquinones which are active against infections with P, lophurae 
and P. knowlesij strongly inhibited the respiration of these parasites at 
concentrations as low as 10“® M. Glucose is not affected, but lactate oxi¬ 
dation is inhibited by effective naphthoquinones. According to Ball et aZ.®®* 
2-hydroxy-3-alkylnaphthoquinone probably inhibits malaria parasite and 
yeast respiration via cytochromes b and c, Bueding et alP^ reported that 
methylnaphthoquinone inhibits aerobic glycolysis more than respiration in 
schistosomes. Michaelis and Thatcher^®® reported that 50 /ig /wil- of citrinin 
inhibited the lactate dehydrogenase system and the oxygen uptake in 
glucose and lactate by Staph, aureus, and showed no effect on citrinin 
insensitive E. coli in these respects. 

Wieland^®^ demonstrated that quinones serve as hydrogen acceptors, and 
hydroquinones as hydrogen donators in biological oxidation systems. Lu¬ 
minescence involves hydrogen transfer (Johnson^®®). McElroy and Kipnis^®* 
reported that methylnaphthoquinone inhibits luciferin oxidation. As dis¬ 
cussed earlier. Spruit and Schuiling^®^ reported that 1,4-naphthohydro- 
quinone causes 50% inhibition of luminescence, Redox indicators, meth¬ 
ylene blue, pyocyanine, phthiocol, etc. similarly inhibited luminescence. 
These acted as hydrogen acceptors, shifting bacterial luciferin into a more 
oxidized state and thereby causing inhibition of luminescence. Suggestion 
has been made by Spruit (see Johnson^®®) that luciferin consists of 1,4- 
naphthohydroquinone containing a side chain with a ketohydroxy group 
substituted at position 2. The inhibition of luminescence by 1,4-naphtho- 

*•' 0. Hoffmann-Ostenhof and E. Biach, Experientia 2, 405 (1946). 

R. Kuhn and II. Beinert, Eer. 76B, 904 (1943). 

K. Wallenfels, Chemie, Die 58, 1 (1945). 

*** H. V. Sullmanii, Helv. Chirn. Acta 26, 2253 (1943). 

P. Karrer and M. Viscontini, Helv. Chim. Acta 30,268 (1947). 

C. L. Gemmill, J. Pharmacol. 96, 116 (1949). 

W. B. Wendel, Federation Proc. 5, 406 (1946). 

E. G. Ball, C. B. Anfinsen, and O. Cooper, J. Biol. Chem, 168, 257 (1947). 

E. Bueding, L. Peters, and J. F. Waite, Proc. Soc. Exptl. Biol. Med. 64, 111 
(1947). 

M. Michaelis and F. S. Thatcher, Arch. Biochem. 8, 177 (1945). 

H. Wieland, t)ber den Verlauf der Oxydations vorgange. Ferdinand Enke 
Verlag, Stuttgart, 1933; Silliman I^ectures, Yale Univ. New Haven, Conn., 1931. 

F. H. Johnson, Advances in Emymol. 7,215 (1947). 

4oa £) McElroy and D. M. Kipnis, J. Cellular Comp. Physiol. 30, 359 (1947). 

C. J. P. Spruit and A. L. Schiniing, Rec. trav. chim. 64, 219 (1945). 
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hydroqumone appears to be an interference with the hydrogen transfer 
involved in luminescence. Not finding a parallelism between the anti¬ 
bacterial action of quinones and the inhibition exercised on urease, catalase 
and papain-like enzymes of bacteria, it was pointed out by Hoffmann- 
Ostenhof‘®‘) that the most active antibacterial quinone, 2-methylnaphtha- 
zarine (a derivative of 5,8-dioxynaphthaquinone), possibly undergoes a 
reversible oxidation reduction. 


OH OH OH O 0 0 



OH OH OH O 0 0 


Oihydro-naphthazarine Naphthazarine Diquinone 

Of the naphthazarines, javanicin (Amstein et has been reported to 
exercise the strongest antitubercular activity. Javanicin contains acetonyl 
substitution giving perhaps to this substance lipophilic properties to account 
for its activity against acid fast bacteria. Wallenfels’*< advanced the hy¬ 
pothesis that the antibacterial action of quinones might be due to an 
interference with carboxylase, pyruvic, and other dehydrogenases. 

Potter and DuBois^®' have discussed the possibility that quinones react 
with sulfhydryl groups in succinoxidase. Quinones are believed to inactivate 
the sulfhydryl containing enzymes such as urease, succinic oxidase, etc. 
It has been proposed by several investigators (Cavallito and Haskell 
Geiger and Conn,«* Callwell and McCall^®) that quinone type of anti¬ 
biotics function by inactivating the sulfhydryl groups of bacterial enzymes, 
since these inhibitions are reversed by cysteine, thioglycollate, etc. Caval¬ 
lito et reported that the inhibitory action of gliotoxin, which possibly 
has a dithio structure, is reversibly inactivated by cysteine. They assume 
that —S—S— group of gliotoxin can oxidize the —SH group of enzymes. 
However, Stanley and Mills*** report that hydrogen peroxide and potassium 
permanganate inactivate gliotoxin, an effect which does not appear to 
point to an —S—S— 2—SH relationship between gliotoxin and the 

‘®‘ O. Hoffman-Ostenhof, Experienlia III 137, 176 (1947). 

*®* H. R. V. Arnstein, A. H. Cook, and M. S. Lacey, Nature 167,333 (1946). 

*®’ V. R. Potter and K. P. J. DuBois, J. Oen. Physiol. 26,391 (1943). 

*“ C. J. Cavallito and T. H. Haskell, J. Am. Chem. Soc. 67,1991 (1946). 

*®* W. B. Qeiger and J. E. Conn, J. Am. Chem. Soc. 67, 112 (1945). 

"® C. A. Callwell and M. McCall, J. Boot. 61, 659 (1946). 

*» C. J. Cavallito, J. H. Bailey, and W. F. Warner, J. Am. Chem. Soc. 68, 715 
(1946). 

*‘*N. F. Stanley and J. M. Mills, Australian J. ExpU. Biol, and Med. 
Sci. 84 , 133 (1946). 
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sulfhydryl groups of enzymes. According to Ball et the inhibition by 
2-hydroxy-3-alkylnaphthoquinones of the respiration of malaria parasite 
and yeast did not seem to be due to effects upon sulfhydryl systems and 
was not reversed by cysteine. Iloffmann-Ostenhof as discussed above could 
not find a parallelism between the antisulfhydryl and antibacterial ac¬ 
tivities of quinones. 


5. Penicillin Action 

Despite many attempts to elucidate the mechanism of the antibacterial 
action of penicillin our knowledge remains limited. Chain et 
reported that, during the resting phase, even large concentrations of 
penicillin had no effect on the rate of oxygen uptake by staphylococci. 
During the early lag and logarithmic phases of multiplication, penicillin 
exerted a strong inhibitory effect on, and eventually completely stopped, 
the oxygen uptake of the bacteria. Hirsch and Dosdogru®^^ reported that 
penicillin halts respiration of staphylococci after a latency period. Similarly, 
Schuler^^'^ found that penicillin acts on the respiration of E. coli and staphy¬ 
lococci after a latent period. Krampitz and Workman*®® reported that 
penicillin G interferes with the dissimilation of ribonucleic acid and con¬ 
sequently with its assimilation during growth. Gale*®^ proposed that peni¬ 
cillin interferes with the assimilation of amino acids by Gram-positive 
organisms. Of the amino acids he tested, the diffusion of glutamic acid, 
glutamine, aspartic acid, and histidine into the interior of the cells was 
assumed to require an energy source, such as glucose. It would seem diffi¬ 
cult, however, to know whether the blockage of the passage of amino acids 
into the cells is a result of the bactericidal action of penicillin or of a direct 
interference. The findings of Hunter and Baker®^®* would appear to contra¬ 
dict the postulate of Gale that penicillin interferes with the assimilation of 
preformed amino acids rather than their synthesis. They showed that the 
growth of a strain of B, siibtilis (non-producer of penicillinase) which uti¬ 
lized ammonium salts as source of nitrogen and grew in a salt glucose syn¬ 
thetic medium devoid of amino acids, was just as sensitive to penicillin as 
it was in a ‘‘complete^’ medium (tryptose phosphate buffer) regardless of 
wider changes in the age of the culture, the size of the inoculum, and the 
time of reading. Gros and Macheboeuf*®^ reported that penicillin inhibits 
the hydrolysis of adenosine triphosphate by washed suspensions of Clos¬ 
tridium sporogenes. 

Cavallito and Bailey^^^ and Osbom^^® have reported that cysteine antag¬ 
onizes penicillin. Cavallito found that cysteine inactivates penicillin, 

E. Chain, E. S. Duthie, and D. Callow, Lancet 1, 652 (1945). 

T. H. Hunter and K. T. Baker, Science, 110, 423 (1949). 

C. J. Cavallito and J. H. Bailey, Science 100, 390 (1944). 

E. M. Osborn, BriL J. ExptL Path. 24 , 227 (1943). 
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citrinin, gliotoxin, clavacin, pyocyanine, etc. Cavallito et believe that 
a large class of antibacterial agents act by interfering with the sulfhydryl 
groups of enzymes. Cavallito^^^ considers it not necessary that penicillin bind 
protein —SH in direct proportion to the number of —SH groups in proteins, 
since some types of —SH groups react only sluggishly or not at all with peni¬ 
cillin. In an intensive study, Cavallito^*® reported that the ideal thiol type 
of inactivation for penicillin should possess a basic amino group (primary 
through tertiary) on the carbon adjacent to the carbon carrying the 
sulfhydryl group, with substitutents on the nitrogen smaller than ethyl 
(methyl or hydrogen). The cysteine unit in proteins would, therefore, show 
greatest reactivity toward penicillin when its amino group is not acetylated. 
Whether such groups or cysteine units exist in intact enzyme proteins is 
not known. 

According to Simon,the molecular ratio of cysteine to penicillin neces¬ 
sary for inactivation decreases as the concentration of penicillin decreases. 
At high concentrations of penicillin a ratio representing fewer molecules of 
cysteine than of penicillin is sufficient for inactivation. Iodine solution fails 
to reverse the inactivation of penicillin by cysteine. On this basis, a reaction 
between cysteine and penicillin resulting in the disintegration of penicillin 
is surmised. This reaction is assumed to liberate a substituted cysteine 
compound of penicillamine type, which can then start a chain reaction by 
combining with more penicillin. 

The inactivation of penicillin by cysteine is different from those of 
streptomycin, and arsphenamines (Eagle^-^). In the latter case an oxidation 
reduction with the As^As group of arsphenamines, using four —SH groups, 
occur. In streptomycin, a combination with at least two molecules of 
cysteine is considered to take place for complete inactivation. Iodine re¬ 
verses this combination, setting the active streptomycin free. 

In connection with the inactivation of the enzyme protein —SH by 
antibiotics as the mode of their action, Diczfalusy and von Eulcr^^^ pointed 
out that if the —SH groups in the enzyme proteins are the common site 
of action of penicillin, streptomycin, pyocyanine, gliotoxin, etc. resistance 
to penicillin developed by staphylococci should increase their resistance 
to the other antibiotics. But, in no way was the sensitivity to any of 
the other antibiotics affected. 

C. J. Cavallito, J. H. Bailey, T. H. Haskell, J. R. McCormick, and W. F. 
Warner, .7. Bact. 50, 61 (1945). 

C. J. Cavallito, Science 106, 235 (1947). 

C. J. Cavallito, J. Biol, Chem. 164, 29 (1946). 

R. D. Simon, Brit. J. Exptl. Path. 29, 202 (1948). 

H. Eagle, J, Pharmacol, 66, 436 (1939). 

E. Diczfalusy and H. v. Euler, Arkiv, Kemi Mineral, Geol, 26A, 1 (1947). 
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I. Introduction 

In recent years, attention has been increasingly directed to a study of 
discrete units of the cell from the standpoint of general chemical constitu¬ 
tion and enzymatic function. It seems apparent that a mixture in a single 
aqueous phase of all of the enzymes known to occur in a cell could hardly 
carry out the manifold and orderly enzymatic activity known to go on in 
cells, and therefore it becomes necessary to attempt to analyze the distribu¬ 
tion of enz 3 rmes and their substrates among various components of the 
cell. Some of the techniques that have been applied for this purpose will be 
discussed in this chapter. However, neither time nor space will permit an 
exhaustive survey of the literature pertaining to all phases of cytochemis¬ 
try. It is to be hoped that authors whose work has not been included will 
be charitable enough to realize that some selection of material has been 
inevitable, and that in addition the writer no doubt is unaware of many 
papers that have been published in the field of cytochemistry. In general, 
work will be covered that seems to have bearing on the enzymatic constitu¬ 
tion of the various cellular components and on the relationships between 
enzyme distribution and cell physiology. The localization of substrates in 
various parts of the cell will be considered to some extent as well as the in¬ 
tracellular distribution of the enzymes, since both substrates and enzymes 
must be taken into account if cellular metabolism is to be understood. 

The various cellular components or cellular regions which will be dis¬ 
cussed are the cytoplasm as a whole as well as the various cytoplasmic 
granules, including the mitochondria, secretory granules, and microsomes; 
the Golgi apparatus; and the nucleus as a whole, as well as its constituents, 
the chromosomes and the nucleolus. Emphasis will be placed upon physico¬ 
chemical techniques for separating the various cell components in relatively 
large quantities, but histochemical techniques and microdissection also 
will be touched upon in a later section. 
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II. Enzyme Chemistry of Cytoplasm as Deduced from 
Physicochemical Studies 

If we consider an actively metabolizing cell such as the liver cell, whose 
nucleus comprises only 6 to 10% of the total cellular volume,^ it seems al¬ 
most certain that the cytoplasm must account for a greater amount of the 
metabolism than the nucleus, assuming that the enzymes and substrates 
involved are about equal in concentrations in the cytoplasm and the 
nucleus. This argument is strengthened by the knowledge that thus far only 
a few enzymes seem to be higher in concentration in the cell nucleus than 
in the cytoplasm, while certain enzymes, such as succinic dehydrogenase, 
appear to be lacking in the nucleus.^ - * Since the cytoplasm thus appears to 
be of great importance in cellular metabolism, and since cellular metabo¬ 
lism, especially of a cell such as the liver cell, is of great complexity, it is 
logical to attempt to analyze the structure of cytoplasm by all available 
methods in order to render comprehensible the manifold and complex reac¬ 
tions taking place there. 

The above statements should, however, not be construed in such a way 
as to minimize the importance of metabolism that may go on in the cell 
nucleus. This metabolism must be of primary importance in dividing cells; 
in addition indirect evidence is available which indicates that the cell nuc¬ 
leus may be vital even to resting cells, and hence be an actively functioning 
unit here rather than an inert body that becomes active only during cell 
division. This point will be discussed later on. 

In this section on cytoplasmic components, the following topics will be 
discussed: mitochondria, secretory granules, microsomes, particulate gly¬ 
cogen, miscellaneous particles of animal cell cytoplasm, and chloroplasts of 
plant cells. The evidence presented will be chiefly that obtained by a study 
of material separated by physicochemical methods. Evidence obtained by 
other methods will be briefly considered later on. 

1. Large Granules 
a. Mitochondria 

The mitochondria are discrete bodies visible in the cytoplasm of many 
types of cells following the use of proper fixation and staining.^ • ® The stain 
Janus Green B is stated to be quite specific for mitochondria.^* ®’ ® Mito- 

‘ A. Marshak, /. Gen. Physiol. 26, 276 (1941). 

»W. C. Schneider, J. Biol. Chem. 166, 685 (1946). 

• A. L. Bounce and G. T. Beyer, J. Biol. Chem. 174, 685 (1948). 

• E. V. Cowdy, editor, General Cytology. Univ. of Chicago Press, Chicago, 1924. 

• E. B. Wilson, The Cell, Macmillan, New York, 1926. 

• G. Bourne, editor, Cytology and Cell Physiology. Clarendon Press, London, 1942. 

’ L. Michaelis, Arch, mikroskop. Anctt. Entmcklungsmech. 66, 668 (1900). 
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chondria are roughly about 1 fi in diameter, but they tend to be elongated 
and of non-uniform shape. The reader is referred to references 4, 5, and 6 for 
details of the cytology of mitochondria. Many of the conclusions reached 
by cytological techniques alone should perhaps be taken with a large grain 
of salt, as will be seen by comparing them with conclusions derived from 
direct chemical experiments. An excellent electron microscopic photograph 
of guinea pig liver cells showing the mitochondria has been published by 
Claude and Fullham.^® A photograph of mitochondria of liver cells, isolated 
by an improved method,is shown in Fig. 1. 

Bensley and Hoerr have been accredited by Lazarow^^ as the first to iso¬ 
late mitochondria from differential centrifugation of dismpted cell prepara- 
tions.*^ Guinea pig liver was the source of material. The mitochondria were 
isolated by differential centrifugations of mortar-ground liver suspended in 
cold 0.82% NaCl of a pH of about 6.0. The authors stated that during the 
procedure the mitochondria swelled and became cone-shaped or round; a 
small amount of material also seemed to be lost from them. The total lipide 
content was about 43 to 44%, but lecithin and cephalin were said to be low 
or absent. The preparation was examined microscopically at various stages 
after suitable staining to determine the state of purity. 

It seems possible that Bensley and Hoerr had preparations of mitochon¬ 
dria in 1934 which could have been used for extensive enzyme studies. Their 
failure to find phospholipid is however undoubtedly an error. 

Extensive work has been carried out by A. Claude on the fractionation of 
cell granules by differential centrifugation of saline extracts of various types 
of cells. In 1940, Claude^^ reported the chemical composition of particles 
isolated from chick embryo cells, mouse embryo cells, chicken tumor I, a 
spontaneous mouse tumor, and a transplantable mouse sarcoma originally 
produced by benzpyrene. The chemical composition of these particles iso¬ 
lated from all of these tissues was quite similar. The particles were stated to 
be of sizes ranging from 50 to 150 m^ in diameter, and were thought to 
represent isolated mitochondria, chiefly because of the chemical composi¬ 
tion and because of a statement by Cowdry® that in cc^rtain instances the 
breadth of mitochondria could range from 50 to 200 ixi/jl. Chemical analysis 
of the particles showed that they consisted of lipide, protein, and ribonucleic 
acid, while histochemical studies®* of mitochondria had indicated that 
these bodies were composed of protein and phospholipides in large part. 

*E. V. Cowdry, Carnegie Inst. Washington Pub. No. 271. Contrib. Embryol. 8, 39 
(1918). 

• R. Noel, Arch. Anal, inirros. 19, 1 (1923). 

A. Claude and E. F. Fullham. J. Exptl. Med. 83, 499 (1946). 

A. Lazarow, Biol. Symposia 10, 9 (1943). 

R. R. Bensley and X. L. Hoerr, Anal. Record 60, 449 (1934). 

** A. Claude, Science 91, 77 (1940). 

C. Regaud, Compt. rend. soc. biol. 66, 718 (190cS). 

A. Guilliermond, Les Constituants Morphologiqucs du Cytoplasm. Hermann et 
Cie, Paris, 1934, 
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In 1941, Clsuds'* rsiterstsd his belief thst the fine gr&nules isol&ted from 
cert&in cells were mitochondria. Xo illustrate his point, he presented dark 
field photographs of cells'of a transmittable rat leukemia showing granules, 
presumably mitochondria, within the cells, and some of his isolated particles 
were photographed in the same field. The sizes and shapes of the intracel- 
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Fio. 1 . Photograph of isolated liver cell mitochondria. Fixation, 1 % O 3 O 4 ; staining 
1% safranine; magnification, 24(X) X. (Hogeboom, G. FI., Schneider, W. C., and 
Pallade, G. E., /. Biol. Ckem. 172, 619, 1948.) 

lular particles and isolated particles were thought to compare favorably. 
In the same paper, a study of the granules of guinea pig liver cells led him to 
the conclusion that the large granules, thought by Bensley and Hoerr to be 
mitochondria^^ were rather granules of a different nature called secretory 

A. Claude, Cold Spring Harbor Symposia Quant. Biol. IX, 263 (1941). 
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granules, and it is implied that here too the mitochondria were the fine 
particles. 

In 1943, Claude^^ abandoned the idea that the small particles, of sizes 
ranging from 50 to 150 m/i were mitochondria and proposed the term micro- 
some to describe them. The large granule fraction was still referred to as the 
secretory granule fraction however. 

In 1944,^® the suggestion was made by Claude that the large granule frac¬ 
tion of liver cells, consisting mainly of particles from 0.5 to 3 p in diameter 
were mixtures containing unknown proportions of mitochondria and secre¬ 
tory granules, and this view has been commonly held until recently. In 
later papers, Hogeboom et al}^ and Claude*® were of the opinion that the 
large granule fraction which could be isolated from disrupted liver cells by 
differential centrifugation consisted chiefly of mitochondria. One line of evi¬ 
dence which these authors offered in favor of this hypothesis is that the 
secretory granules of the liver cell can be caused to diminish greatly in num¬ 
ber by feeding the animal, while the mitochondria remain as before feeding. 
Therefore by avoiding the use of fasted animals, the only large granules of 
abundance in the C3d;oplasm are the mitochondria. 

One of the chief obstacles in identifying the large granule fraction pre¬ 
pared from cell homogenates was the swelling of the mitochondria in iso¬ 
tonic salt or buffer solutions. This swelling, which apparently could not be 
entirely avoided even by careful control of the pH and use of low tempera¬ 
ture throughout the isolation procedure, caused the mitochondria to assume 
rounded or spherical shapes so that they were no longer identifiable by their 
microscopic appearance. If distilled water instead of saline solutions was 
used for washing, the swelling was worse and eventually complete disrup¬ 
tion and disappearance of the mitochondria occurred. This obstacle has re¬ 
cently been overcome by the use of hypertonic sucrose solutions as 
a medium instead of the saline solutions formerly employed. A detailed 
account of the new procedure is given by Hogeboom et oZ.*^ (See photograph 
of isolated mitochondria in Fig. 1 of this chapter, which is taken from this 
paper.) The large granule fraction thus isolated was stated to consist al¬ 
most entirely of mitochondria, which stained with Janus Green B after 
treatment with aniline acid fuchsin. The secretory granules which were 
originally present in the homogenate were stated to migrate centripetally 
with the fat globules and thus to be removed from the mitochondria. More¬ 
over, a proportion of the secretory granules were thought to disintegrate in 

« A. Claude, Science 97, 451 (1943). 

A. Claude, A.A.A.S. Research Conference on Cancer. American Association for 
the Advancement of Science, Washington, D. C., 1945, p. 223. 

G. H. Hogeboom, A. Claude, and R. D. Hotchkiss, J. Biol, Chem, 166,615 (1946). 

>oA. Claude, J, Exptl, Med, 64, 61 (1946). 

G. H. Hogeboom, W. C. Schneider, and G. £. Pallade, /. Biol, Chem. 172, 619 
(1948). 
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the sucrose solutions, thus being lost. In this laboratory, it has been found 
that the method of preparing mitochondria of Hogeboom, Schneider, and 
Pallade (21) using hyperionic sucrose solutions is relatively easy to carry 
out and that it gives preparations of excellent microscopic appearance (un¬ 
published). 

The work of Hogeboom, Schneider, and Pallade undoubtedly represents 
a major advance in the isolation of mitochondria from cell homogenates. 
The question of whether the mitochondria thus prepared are contaminated 
with an appreciable proportion of secretory granules will gradually be 
settled as new investigations repeat and extend this work. At the present 
time the claims of the authors to have isolated highly purified mitochondria 
appear to be well founded. 

The enzymatic composition of mitochondria is at the present time under 
investigation and only a relatively meager amount of authentic information 
is available. Much of the information that is at hand derives from studies 
of large granule fractions which were obtained before the use of hypertonic 
sucrose solutions was introduced. 

Warburg^^ has been accredited by Claude^® as the first to make a systema¬ 
tic attempt to separate cytoplasmic granules by differential centrifugation. 
Warburg’s cell particles no doubt were impure; but enough information was 
obtained to make it appear likely that most or all of the oxygen consump¬ 
tion of the cell-free extracts of guinea pig liver was attributable to the large 
granules contained therein. Lazarow^^ and Barron^^ reported that large 
granules obtained from guinea pig liver consumed oxygen and possessed 
succinic dehydrogenase activity. However, this was also true of fractions 
composed of smaller particles. Stern^^’^e stated that cytochrome oxidase 
and succinic dehydrogenase were both associated with particles 50 to 200 
mu in diameter obtained from heart muscle. But Hogeboom et aZ.'® found 
that the cytochrome oxidase and succinic dehydrogenase activity of particu¬ 
late components of the cytoplasm of rat liver was carried largely or exclu¬ 
sively by the large granules, now thought to be the mitochondria. More¬ 
over, the activity was entirely associated with particulate components and 
was not present in the supernatant solutions. The same findings were in¬ 
dependently reported by Schneider^, and were confirmed by Schneider et 
aL^ Finally, repetition of this work by Hogeboom et al?^ showed that the 
cytochrome oxidase and succinic dehydrogenase activity of highly purified 
mitochondria was associated exclusively with the large granule fraction 

** O. Warburg, Arch, ges. Physiol. (Pfluger's) 154, 699 (1913). 

« A. Claude, J. Exptl Med. 84, 51 (1946), 

E. S. G. Barron, Biol. Symposia 10, 27 (1943). 

** K. G. Stern, Cold Spring Harbor Symposia Quant. Biol. 7, 312 (1939). 

*• K. G. Stern, Biol. Symposia 10, 291 (1943). 

” W. C. Schneider, A. Claude, and G. H. Hogeboom, J. Biol. Chem. 172, 451 (1948) 
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of liver cell homogenates prepared by the use of hypertonic sucrose, which, 
as has been stated, probably consists almost entirely of mitochondria. 

Recent work by Lehninger*® and by Schneider*® has also demonstrated 
that the fatty acid oxidase of liver cells is carried by the mitochondria. The 
latter were prepared by sucrose method. 

Schneider* made a detailed investigation of the distribution of 
the enzymes cytochrome oxidase, succinic dehydrogenase, and adenosine 
triphosphatase in rat liver cells. Mitochondria, an unfractionated super¬ 
natant, and a nuclear fraction were separated, using saline solutions as dis¬ 
persing media. The nuclear fraction contained some mitochondria and whole 
cells. The cytochrome oxidase and succinic dehydrogenase were found to be 
in greatest concentration in the mitochondria, where their concentration 
was about four times that of the whole tissue. Since the concentrations of 
these enzymes were very low in the supernatant from isolation of the mito¬ 
chondria (unfractionated residue) and since the concentrations in the nu¬ 
clear fraction were only about half those in whole tissue, it is not surprising 
that 70% or more of the total amounts of these enzymes were found in the 
mitochondria. The ratio of cytochrome oxidase to succinic dehydrogenase 
was the same in the three fractions, and moreover Schneider emphasizes 
the fact that all of the enzymatic activity of the homogenate could be 
accounted for by adding the activities present in the various fractions. In 
contrast to cytochrome oxidase and succinic dehydrogenase, adenosine tri¬ 
phosphatase was found to be more generally distributed among the three 
fractions. 

Schneider also compared primary hepatomas of rats with normal rat liver in re¬ 
spect to distribution of enzymes along the cell fractions listed above.Numerous 
chemical analyses also were made. There seemed to be less large granular (mitochon¬ 
drial) material in the hepatoma cells than in the normal liver cells. Succinic dehydro¬ 
genase had disappeared from the hepatoma tissue, while adenosine triphosphatase 
had migrated from the mitochondria to the unfractionated residue. Cytochrome 
oxidase was lower in the tumor than in the normal tissue. As with normal tissue, 
cytochrome oxidase was associated chiefly with mitochondria in the case of the 
hepatoma. 

The adenosine triphosphatase concentration was about equal in the nuclear and 
in the large granule fraction in the case of normal rat liver, but in the hepatoma its 
concentration in the large granule fraction was considerably higher than in the nuclei. 

In fairness to the author, it should be stated that in the last two papers mentioned, 
he referred to a ‘flarge granule fraction*’ rather than to mitochondria. However, the 
more recent work of Hogeboom et already mentioned, makes it seem probable 
that the particles consisted principally of mitochondria. 

The study of the distribution of enzymes in malignant tissue as derived from 
Schneider’s work with hepatomas may or may not be generally valid, since he appar- 

** A. L. Lehninger, J. Biol. Chem. 172, 847 (1948). 

W. C. Schneider, J. Biol. Chem. 176, 259 (1948). 

W. C. Schneider, Cancer Research 6 , 686 (1946). 
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ently used primary hepatomas. These primary hepatomas contain unknown numbers 
of nonmalignant cells and also presumably still contain the poisonous products de¬ 
rived from dimethylaminoazgbenzene and therefore can be expected to differ from 
transplanted tumors. 

From the standpoint of enzyme chemistry, the result of greatest certainty 
established by Schneider was the occurrence of high concentrations of the 
three enzymes studied in the mitochondria, and the fact that most of the 
cytochrome oxidase and succinic dehydrogenase of the cell are to be found 
in the mitochondria. The enzyme studies on the nuclear fraction may be 
less valid because of the uncertainty about the state of purity of the latter 
fraction. 

The distribution of cytochrome C in the cytoplasm of rat liver cells has 
also been studied by Schneider et al.^ The distribution and activity of cyto¬ 
chrome C was markedly affected by the medium used during the isolation 
procedures. Thus when water was used as the suspending medium, cyto¬ 
chrome C was found both in the large granule (mitochondria) fraction and 
the microsome fraction. The cytochrome C in the large granule fraction was 
in this case only slightly active in the succinic oxidase system, and it was 
thought by the authors that a secondary adsorption of dissolved cyto¬ 
chrome C by the large granules and microsomes had occurred. This idea was 
strengthened by the observation that the cytochrome C could be largely 
removed both from the large granules and the microsomes (previously ob¬ 
tained from water suspensions) by washing with isotonic saline. 

When the large granules (mitochondria) were isolated by differential 
centrifugation, using isotonic saline instead of water as the suspending 
medium, most of the cytochrome C was in the large granules, and further¬ 
more this cytochrome C was active in the succinic oxidase system. The 
microsomes in this case were found not to contain cytochrome C. This work 
demonstrated the importance of the type of medium employed in preparing 
cell constituents, and showed that redistribution among cell particulates of 
at least some enzymatic components can occur if the proper medium is not 
used. The swelling of the mitochondria in water probably initiated the redis¬ 
tribution of cytochrome C when water was used as suspending medium. 
That the distribution of all enzymes is not easily affected by the type of 
suspending medium used is shown by the fact that cytochrome oxidase and 
succinic dehydrogenase distribution was the same whether water or saline 
was employed. In both cases these two enzymes always occurred in the mito¬ 
chondria and not in the microsomes or in the supernatant solution. 

The effect of themedium, especially of saline, on the composition of cellu¬ 
lar constituents recalls to mind the fact that a large amount of protein can 
be removed from liver cells simply by washing with saline.®^ The question 
arises as to the source of this protein. Does it come from mitochondria, from 

A. E. Mirsky and A. W. Pollister, Proc, Natl. Acad. Sd. 28, 344 (1942). 
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microsomes, or from the continuous internal aqueous phase now believed 
to exist within the cell?®^ If even part of this protein comes from the mito¬ 
chondria, it follows that a saline solution has limitations as a medium for 
the isolation of mitochondria, and the same argument might be applied to 
the preparation of mitochondria using hypertonic sucrose solutions. Thus, 
it can be seen that considerable study of the effect of conditions must be 
made when the distribution of new enzymes within the cytoplasm is studied 
by methods similar to those outlined above. 

The dispersion medium can have an important effect on the activity of 
enzymes of large granules of the liver even after isolation. Thus 
Lehninger^® * ^ found that the fatty acid oxidase of liver cells was not active 
in the absence of neutral salt ions such as NaCl or KCl. This is most prob¬ 
ably an effect of the neutral salt ions on the physiochemical integrity of the 
granules rather than a direct activating effect on the enzyme. Potter has 
made similar observations.®^* He found that aqueous suspensions of cell 
granules prepared according to Lehninger would not oxidize octanoate, 
whereas suspensions prepared using saline would catalyze the oxidation. 
Potter at first was inclined to ascribe these results to the presence of un¬ 
broken cells in the saline-prepared material, but later on®® stated that the 
results were related to the integrity of some subcellular unit which we now 
realize must have been the mitochondria. 

Claude in 1944^® summarized findings on the distribution of some enzymes 
in the cells of mammalian liver, before the use of a strong sucrose solution 
as the homogenizing medium had been introduced. Cytochrome oxidase, 
succinic dehydrogenase, a-glycerophosphate dehydrogenase, D-amino acid 
oxidase, adenylpyrophosphatase, phosphatase, and ribonuclease were found 
to be associated principally with the large granule fraction, and hence 
according to present concepts, with the mitochondria. The coenzyme for 
D-amino oxidase had to be added to the washed granules to restore full 
activity of this enzyme, since the coenzyme was apparently lost as the large 
granules were washed. Catalase was present in the purified large granules, 
but most of this enzyme was found in the supernatant after centrifugation 
of the large granules and microsomes. Transaminase was present but low in 
concentration in the large granules, being mostly in the supernatant. Malic 
dehydrogenase and a phosphate transferring enzyme acting upon adenosine 
triphosphate also were in the supernatant. The microsomes (to be discussed 
later on) were not found to contain any of the above-mentioned enzymes in 
significant amounts. 

** A. Claude and R. Chambers, Biol, Symposia 10, 91; 111 (1943). 

w A. L. Lehninger and E. P. Kennedy, J. Biol. Chem. 173, 753 (1948). 

« V. R. Potter, J. Biol. Chem. 163, 437 (1946). 

V. R. Potter and H. L. Klug, Arch. Biochem. 12, 241 (1947). 

»• V. R. Potter, /. Biol. Chem. 169, 17 (1947). 
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Quite recently, Schneider and Potter®’ have found that oxaloacetic oxi¬ 
dase activity is present in liver cell mitochondria to the extent of about 45% 
of the activity of whole hdmogenate, and in kidney mitochondria to the ex¬ 
tent of about 32% of the activity of whole homogenate. However, the addi¬ 
tion of nuclei, which carry only 8% of the activity of kidney homogenate, 
to the isolated mitochondria increases the activity of the latter up to the 
value of about 62% of that of whole homogenate. An explanation for this 
latter finding is not available at present. In this work, the mitochondria 
were prepared using hypertonic sucrose solution. 

Bensley has recently published a paper** indirectly concerned with the enzyme 
composition of mitochondria. He concluded that the principal pigment of isolated 
mitochondria is oxidized phospholipide. He assumes that oxidation of phospholipide 
occurs in the mitochondria in the intact cell, and that the mitochondria may simply 
be temporary aggregates of complex composition, ''consisting of a number of major 
components and many trace substances including enzymes and vitamins.’* He be¬ 
lieves that . . . "this idea is further supported by the fact that in prolonged inanition 
the mitochondria rapidly disappear from the pancreatic cell and are rapidly recon¬ 
stituted after feeding. These structures are in no sense permanent organelles of the 
protoplasm but, in case of need, may be utilized for the nourishment of the cell.” The 
latter conclusion apparently was reached by Bensley earlier.** 

This concept is certainly not in accord with the idea of a definite morphology of the 
mitochondria including possibly an external membrane and an internal structure.^** 

It is moreover not in accord with the most recent concepts of the enzymatic composi¬ 
tion of mitochondria. 

Before leaving the topic of mitochondria, it might be well to include a 
summary of their general composition. If the large granule fraction of mam¬ 
malian liver, obtained by Claude, is considered to consist chiefly of mito¬ 
chondria, rather than secretory granules, the chemical composition of mito¬ 
chondria of guinea pig liver is approximately as shown in Table I.^® 

A more recent paper by Barnum and Huseby^® also gives analyses of the 
large granule fraction from mouse liver. Their work is summarized in 
Table II. 

In summarizing this section on mitochondria it can be stated that these 
bodies apparently have been isolated from cells, at least from mammalian 
liver cells, in relatively pure state, and that they contain most of the cyto¬ 
chrome oxidase and succinic dehydrogenase of the cell. They also contain 
other enz 3 rmes, and probably at least one coenzyme, namely, the coenzyme 
for D-amino oxidase (flavine-adenine-dinucleotide). They appear to possess 
an internal structure and possibly a limiting membrane. In gross chemical 

*’ W. C. Schneider, and V. R. Potter, J. BioL Chem, 177, 893 (1949). 

** R. R. Bensley, Anat. Record 98, 609 (1947). 

*• R. R. Bensley, AnaU Record 69, 341 (1937). 

A. Claude and E. R. Fullam, J. EzptL Med, 81, 51 (1945). 

K. R. Porter, A. Claude, and E. F. Fullam, J. Exptl. Med, 81, 233 (1945). 

C. P. Barnum and R. A. Huseby, Arch, Biochem. 19, 17 (1948). 
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composition, they appear to consist of protein, ribonucleic acid, and lipide, 
including a large percentage of phospholipide. The ash is appreciable (in 
the neighborhood of 4%). 

6. Secretory Granvles 

Less information about secretory granules is available from physico¬ 
chemical studies than about the mitochondria. The secretory granules are 
relatively large granules (1 to 5 m in diameter), which are more nearly 

TABLE I 

Composition of Mitochondria op Guinea Pig Liver 


Material 

Percentage 

—SH— 

Present 

Lipide 

About 25 

Inositol 

About 0.5 

Phospholipide 

About 17 

Acetalphospholipide 

Present 

Nitrogen 

About 11 

Phosphorous 

About 1 

Sulfur 

About 1 

Copper 

About 0.03 

Iron 

About 0.03 

Ash 

About 4 


TABLE II 

Composition of Large Granule Fraction of Guinea Pig Liver 


Material 

Percentage 

N 

12.1 

P 

1.11 

Ribonucleic acid 

3.7 

Lipide 

27.4 

Phospholipide as per cent of total lipide 

56.6 


round than the mitochondria, and which form in cells known to secrete en¬ 
zymes, mucins, etc. In some cases they can be seen in a different part of the 
cell from the area occupied by the mitochondria. They tend to increase in 
numbers shortly before the cells secrete. The salivary glands and the pan¬ 
creas are good examples of organs that secrete enzymes, and whose secret¬ 
ing cells produce secretory granules, or zymogen granules as they are more 
apt to be called when composed chiefly of enzymes. Liver cells also contain 
secretory granules; in this case the granules accumulate on fasting and tend 
to disappear after feeding.^^ In the case of the liver, it is possible that the 
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secretory granules are responsible for the formation of bile; but it should 
also be recalled that the liver produces plasma proteins such as albumin, 
thrombin, and fibrinogen. ^Vhethe^ these proteins are formed in the cell as 
secretory granules cannot be stated. Mast cells are another example of cells 
that form secretory granules; heparin occurs in these cells as secretory 
granules^*' (Earlier references are given in these papers.) 

If cells are studied that contain considerable numbers of secretory gran¬ 
ules in addition to the mitochondria, it seems very probable that the isola¬ 
tion of pure mitochondria or pure secretory granules could not be accom¬ 
plished by the usual differential centrifugation technique, even with the 
use of strong sucrose solution as suspending medium. Instead, one would ex¬ 
pect to obtain a large granule fraction consisting of secretory granules and 
mitochondria in roughly the proportions found in the intact cell. A possible 
method of effecting a separation of such a mixture into its two components 
w ould be specific gravity technique, such as that used by Behrens in obtain¬ 
ing nuclei (see below under nuclei), if it should happen that the specific 
gravity of secretory granules and mitochondria were of sufficient difference 
to permit application of this procedure. 

Claude in his earlier work on the large granules of mammalian liver be¬ 
lieved that this fraction was composed of unknown proportions of mito- 
chrondria and secretory granules. It has been explained already that the 
proportion of secretory granules in the liver cell can be considerably lowered 
by feeding the animal, and that in any case the secretory granules of the 
liver cell do not appear to be very stable and also tend to migrate to the 
centripetal pole of the centrifuge tube in strong sucrose solutions^^ Since 
Claude found little difference in composition of his large granules according 
to whether he used fasted or fed animals, it seems likely, especially in view 
of the two findings just mentioned, that his large granule fraction consisted 
mainly of somewhat swollen mitochondria, and his results with the large 
granule fraction have therefore been considered in the section on mito- 
chrondria. It must be admitted however that some secretory granules may 
have been present, and that even in the preparation obtained through the 
use of sucrose, some secretory granules may be present together with the 
mitochondria. 

It is thought by some authors that the mitochondria are in some way 
responsible for the formation of the secretory granules,^® but this view is 
certainly not proved. 

It now seems fairly certain that in the cases of cells which secrete 
enzymes, these enzymes are formed within the cell, often as zymogens, in 

H. Holmgren and O. Wilander, Z, mikroskop. anat. Forach. 42, 242 (1937). 

Jorpes, H. Holmgren, andO. Wilander, Z. mikroakop. anat Forach. 42, 279 

(1937). 

E. S. Duthie, Proc, Roy, Soc, London B114, 20 (1933-1934). 
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the form of secretory granules. These granules then seem to be extruded 
through the cell wall in some manner which leaves the cell intact and ready 
to produce more granules. It is possible to observe this process 
microscopically as has been done in the case of the pancreas by Co veil, using 
anesthetized white mice as subjects and stimulating an enhanced secretion 
of granules by the intraperitoneal injection of secretin or pilocarpine^®. 

In the case of the pancreas, secretory or zymogen granules have been 
found in the ducts. The reader is referred to a detailed article by Gage on 
the zymogen granules of the pancreas of various cold blooded and warm 
blooded forms. Many references are included^^. 

Claude has mentioned the isolation of secretory granules from the pan-, 
creas^^' Isotonic saline had to be used, since distilled water caused activa¬ 
tion of the pancreatic lipase which destroyed the granules. The granules 
finally isolated by centrifugation were in the form of a loose opaque sedi¬ 
ment, yellow or yellow-green in color. The percentage of nitrogen was about 
12%; phosphorus about 2%; sulfur about 0.5%; andlipide, which was mostly 
phospholipide, about 20%. These so-called secretory granules thus were 
very similar in gross chemical composition to the particles isolated 
by Claude from liver. 

Since acinar cells of the pancreas contain considerable numbers of secre¬ 
tory granules, especially before the animal has eaten, it might be thought 
that they would serve as an ideal source for obtaining these granules in 
purified form. However, the lipase and proteases of the pancreas complicate 
the situation, since they can, no doubt, destroy the granules if activated. 
Whether Claude's large granules from the pancreas were mainly secretory 
granules or mainly mitochondria, or a mixture of both in roughly equal 
amounts, remains a question. It will be necessary to await further work with 
improved techniques before accurate information about secretory granules 
is available. 

The problem of isolation of the secretory granules in pure form is one 
which should be of considerable interest to the enzyme chemist. Secretory 
granules composed of mucin must be quite different from those composed 
of enzymes. If we knew whether one or several enzymes can exist in a single 
secretory granule, we might have information of some value in elucidating 
the mechanism of the synthesis of proteins. 

It has been tacitly assumed that cells of a given type in an organ such as 
the pancreas which secretes a variety of enzymes are equivalent. But as a 
matter of fact, is it even certain that there is not more than one kind of 
enzyme-secreting cell? Problems of this sort must be answered if we are to 
gain a complete understanding of cell physiology and biochemistry. 

<«W. P. Corell, Anal. Record 40, 213 (1928). 

H. S. Gage, Trane, Am, Microecop, Soc, 64, 161 (1946). 
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2. Small Granules 
' a. Microsomes 

The microsomes are small particles in the size range of 50 to 150 m/x which 
occur in the cytoplasm of at least most kinds of animal cells. In general they 
are not resolvable or at the most barely resolvable with the light micro¬ 
scope, and must be observed in the intact cell by means of dark field illu- 
ination. The term microsome was proposed by Claude^^ when he realized 
that these small particles were not mitochondria. 

The microsome fraction of most cells not of such a highly specialized 
nature as muscle cells for instance, can be isolated by first homogenizing the 
tissue in physiological saline or h 3 rpertonic sucrose solutions near 0°C. by 
means of a ground glass homogenizer or by grinding with sand and then by 
resorting to differential centrifugation in the cold. The microsomes are sedi¬ 
mented by prolonged centrifugation at centrifugal forces close to 18,000 or 
20,000 times gravity, and form nearly transparent pellets on the bottoms 
of the centrifuge tubes, A number of references to the preparation of micro¬ 
somes from various tissues is given by Claude.'*® A more recent article which 
includes work on microsomes and a submicrosome fraction from mouse liver 
cell cytoplasm has been written by Barnum and Huseby/* Schneider el aL 
have also included results of enzyme studies on the microsome fraction of 
liver and tumor tissues.^-'*® 

ITntil recently, enzymes were not known to occur in the microsome or 
submicrosome fraction. Although cytochrome C was for a time thought 
to occur in the microsomes, 2 ® this finding was apparently an artifact, as has 
been explained already.^ 

It is true that cytochrome oxidase and succinic dehydrogenase have been 
found by Stern to occur in a particulate fraction from ground muscle which 
corresponds in size to the microsome fraction of ordinary cells.^^’ How¬ 
ever, it is necessary to subject muscle to considerable grinding before ob¬ 
taining such material, and it is not clear whether the particles exist as such 
in the muscle cytoplasm, or whether they are produced during the grinding 
by being broken off from larger particles. 

The reported finding of succinic dehydrogenase in the microsome fraction 
by Lazarow®® has not been confirmed by other workers. 

Recently evidence has appeared indicating that certain enzymes may be 
associated with the microsome fraction of cells and indeed may occur there 
in concentrations several times higher than concentrations found elsewhere 
in the cell. An example is the finding of esterase in the microsome fraction of 

*®A. Claude, Biol. Symposia 10, 111 (1943). 

G. A. LePage and W. C. Schneider, J. Biol. Chem. 176, 1021 (1948). 

A. Lazarow, J. Biol. Chem. 140, Proceedings Page LXXV (1941). 
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liver cells by Omachi ei alJ^^ The microsome fraction contained an average 
of 47% of the total amount of the enzyme in the entire cytoplasm. The con¬ 
centration of esterase in the microsomes was 4.2 times that of its concentra¬ 
tion in the whole tissue. However, esterase was also found in the cell nuclei, 
the microsomes, and the supernatant from the microsome fraction. Still 
more recently, Hogeboom,^^ using the hypertonic sucrose method for frac¬ 
tionation, has found that 58% of rat liver cell coenzyme I—cytochrome C 
reductase is present in the microsome fractions, only 32% being in the mito¬ 
chondria and 5% in the supernatant solution. 

In evaluating work of this sort, one must keep in mind results such as 
those obtained in the case of cytochrome C, already discussed. The ques¬ 
tion remains open as to whether the esterase of Omachi, Barnum, andGlick®^ 
was originally present in the mitochondria and later became transferred to 
the microsomes during the process of preparing them. This criticism may or 
may not apply to the work on D.P.N.-cytochrome C. reductase. 

In another recent paper by Jeener,^^ it has been found that the thrombo- 
kinase activity of liver cells is concentrated in the microsome fraction rather 
than in the mitochondria. This paper is of interest in that it supports earlier 
work of Chantrenne^^ which purported to show a considerable range of par¬ 
ticle sizes of cytoplasmic granules rather than a grouping into two or three 
sizes as claimed by most of the American workers. Moreover, by extracting 
with Edsal’s solution, it was possible to obtain a ribonucleoprotein complex 
which contained about 20% ribonucleic acid, starting from granules of any 
desired size. The smaller the size of the particle used as a starting material, 
the higher was the yield of ribonucleoprotein obtained therefrom. It is sug¬ 
gested that the cytoplasmic granules originate as aggregates of very fine 
nucleoprotcin particles which gradually grow and become transformed into 
an interior part consisting of various bound enzymes such as we know occur 
in mitochondria, and an exterior part consisting of material similar to the 
original nucleoprotein particles. Extracting with EdsaPs solution is pre¬ 
sumed to remove this exterior layer of undissolved fine nucleoprotein gran¬ 
ules, leaving the interior material (consisting of enzymes in part). This idea 
is supported by the reportedly high concentration of fine granules rich in 
ribonucleic acid in the cytoplasm of embryonic cells, and by comparing the 
results of studies of cytoplasmic granules with the results of certain studies 
of virus molecules. 

The gross chemical composition of microsomes produced from cells such 
as liver cells is somewhat similar to that of the large granule fraction or 

A. Omachi, C. P. Barnum, and D. Click, Proc, Soc. Exptl. Biol. Med. 67, 133 
(1948). 

M G. H. Hogeboom, J. Biol. Ckem. 177, 847 (1949). 

R. Jeener, Biochimica et Biophyaica Acta 2, 633 (1948). 

H. Chantrenne, Biochimica et Biophyaica Acta 1, 437 (1947). 
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mitochondria. The chief difference is that the lipide and the ribonucleic 
acid are present in considerably higher amounts than in the large granules. 
The composition of microsomes of guinea pig livers is shown in Table III 
constructed from the work of Claude^® and Barnum and Huseby.^^ This 
table shows the presence of a submicrosome fraction in which the ribose 
nucleic acid is even higher than in the microsome fraction (16% on the aver¬ 
age). The work of Chantrenne^^ also deals with very small particles rich in 
ribose nucleic acid. 

If Chaiitrenne’s picture of the structure of isolated cytoplasmic granules 
is considered, one is tempted to inquire whether such a structure might possi¬ 
bly be an artifact produced by adsorption of fine microsome granules on 
larger granules composed chiefly of protein. It should be recalled that 


TABLE III 

Composition op Microsomes and Submicrosomes op Mammalian Livbr 



Guinea pig 

Rat liver 

Mouse liver 

Submicro- 


microsomes 

microsomes 

microsomes® 

somes® 


% 

% 

% 

% 

Nitrogen 

9.2 

9.0 

10.3 

13.2 

Phosphorous 

1.5 

1.7 

1.87 

1.9 

Lipide 

40 to 45 


35.1 

16.8 

Phospholipide 

29 


35. P 


R.N.A. 



9.1 


Inositol 

12 




N.A. 




16.0 

Sulfur 

0.8 




Copper 

0.02 




Iron 

0.03 





® Barnum and Huseby. 
h Per cent total lipide. 


Claude''^ observed an apparent disintegration of large cytoplasmic granules 
under certain conditions, yielding small particles similar to microsomes. 

The function of microsomes and their origin in the cell remains to be dis¬ 
covered. It is not known whether the microsomes originate in the nucleus 
or are manufactured in the cytoplasm. Their high content of ribose nucleic 
acid might lead one to suspect that they play a role in protein synthesis in 
some manner as yet unexplained. 

6. Particulate Glycogen 

This substance was obtained in 1942 from liver cells by Lazarow.*‘* •• It 
sedimented in a period of half an hour at a centrifugal force of about 12,000 times 

** A. Lazarow, Science 96, 49 (1942). 

*• A. Lazarow, Anat. Record 84, 31 (1942). 
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gravity along with some of the miorosome fraction after removal of the large granule 
fraction, forming a single tightly packed white layer below the more loosely packed 
microsomes. The white layer of glycogen can be purified by resedimenting in saline 
suspensions, after removal of the microsomes.^* 

Particulate glycogen thus obtained was found to consist of 92 to 93.6% glycogen, 
and approximately 1% protein on a dry weight basis. The remaining 6% of materia! 
unaccounted for was thought to be principally water, which is very difficult to remove 
completely. In the fresh state, the glycogen particles contain about 75% water. Lipide 
is not present. 

The particulate glycogen may be dissociated into smaller units or dispersed into 
solution by the usual reagents employed in the chemical preparation of glycogen, 
e.g., trichloracetic acid, strong alkali, and prolonged heating. This would make it 
appear that the particles are dependent upon the small amount of protein contained 
within them for integrity. 

Particulate glycogen is mentioned because it demonstrates one method employed 
by the cell in disposing of excess substrate material and yet keeping it available for 
immediate use when needed. The glycogen particles, although small, are in a way 
analogous to secretory granules, the point of major difference being that they are not 
secreted as such but first are broken down into glucose. If we are to understand the 
cellular biochemistry of glycogen and glucose completely, these glycogen particles 
must be taken into account. 

Other work on particulate glycogen will be found in one of the papers of Claude*® 
and in a paper by Mitchell and Wislocki.** 

3. Miscellaneous Cytoplasmic Granules 

а. Ferritin 

Stern and Wyckoff** found that the iron-containing protein ferritin sedimented 
from liver extracts at a rate indicating a molecular weight of the order of several mil¬ 
lion. Thus ferritin might be thought of as belonging to the class of cyto¬ 
plasmic granules. 

б. Melanin 

Melanin granules stated to contain melanin or a similar substance were first iso¬ 
lated by Claude from the livers of Amphiuma (an amphibian) and in smaller yield 
from guinea pig liver cells.** 

A more recent paper in which Tswett column adsorption is used to separate cyto¬ 
plasmic granules** refers to the separation of melanin-containing granules from Hard- 
ing-Passey mouse melanoma. Since these particles possessed enzyme activity, the^* 
were probably inhomogenous. 


4. Chloroplasts 

It is not the purpose of this chapter in general to cover enzymatic work 
on plant cells. However, it may be worthwhile to mention the isolation of 
chloroplasts, since this work may eventually prove to be an important step 
in the eludication of the mechanism of photosynthesis. 

** A. J. Mitchell and G. B. Wislocki, Anat. Record 40, 261 (1944). 

»»A. Claude, Trans. N. Y. Acad. Set., (Ser. II) 4, 79 (1942). 

*• V. T, Riles, M, L, Hesselbach, S. Fiala, and M. W. Woods, Science 104, 361 
(1940), 
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A number of references are found in Click’s book on Techniques of Histo- 
and Cytochemistry to the earlier isolation of chloroplastic material. Granick®® 
and Neish®^ seem to have'been the first or among the first to obtain intact 
chloroplasts. The technique employed was to grind the leaves with sand 
in a mortar with 0.5 molar glucose solution and subsequently to isolate the 
chloroplasts by differential centrifugation, preferably in the cold. 

A considerable amount of work has been done in recent years on the en¬ 
zyme systems of isolated chloroplasts. Although the chloroplasts will not 
carry out photosynthesis, they will carry out a photochemical reaction, pre¬ 
sumably dependent on chlorophyll, which is stated to result in oxygen evolu¬ 
tion, if certain quinones are present for catalysts or substrates (see last 
reference on chloroplasts). A different type of reaction catalyzed by chloro¬ 
plasts has been claimed to liberate hydrogen.®* Evidently the complete pro¬ 
cess of photosynthesis is dependent upon enzyme systems and substrates 
that reside in parts of the cell other than the chloroplasts, or upon enzymes 
and substrates which have been washed out of the chloroplasts during their 
isolation. It might be of some interest to attempt to prepare chloroplasts by 
a modification of the Behrens technique for preparing isolated cell nuclei 
(see under cell nuclei) in order to be more certain of retaining substrates, 
coenzymes, etc. 

Krossing in 1940®® reported that chloroplasts of spinach cells contain 
catalase, chlorophyllase, amylase, and saccharase, but lack the enzyme 
peroxidase. 

Polyphenol oxidase has been stated to be present in the chloroplasts of 
tea leaves but absent from the chloroplasts of spinach leaves.®^ The reduc¬ 
tion of o-dinitrobenzene in the light by chloroplasts has been reported by 
Gurevich.®® 

For an excellent discussion of chloroplasts, the reader is referred to a 
chapter by Granick in Photosynthesis in Plants.^^ Another chapter by Holt 
and French deals with the photochemical liberation of oxygen by isolated 
chloroplasts (p. 277). 

5. Discussion op Section II 

It is possible that the above presentation may have implied a greater 
simplicity in the arrangement of the cell than actually exists. For instance, 

S. Granick, Am. J. Botany 26, 558 (1938). 

« A. C. Neish, Biochem. J, 33, 293 (1939). 

•*E. A. Boichenko, Compt. rend. acad. sci. U.R.S.S. 62, 521 (1946) (In English). 
Taken from Chem. Ahairacta 41, 3177 (1947), 

G. Krossing, Biochem. Z. 306, 359 (1940). 

L. P. Li and J. Bonner, Biochem. J. 41, 105 (1947) 

•® A. A. Gurevich, Compt. rend. acad. aci. U.R.S.S. 66, 263 (1947) (In English). 
Taken from Chem. Ahatracta 41, 5921 (1947). 

•• S. Granick, in Photosynthesis in Plants. Edited by J. Frank and W. E. Lommis, 
Iowa State College Press, Ames, Iowa, 1949, p. 113. 
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the cytoplasmic granules were rather arbitrarily divided into a few classes, 
chiefly the large granules (mitochondria and secretory granules) and the 
small granules (microsomes, particulate glycogen, etc.). The work of Chan- 
trenne in particular, that of Jeener, and to a certain extent that of Barnum 
and Huseby, who isolated two submicrosome fractions, has shown that 
under certain conditions it is possible to segregate cytoplasmic granules into 
almost any number of size classes desired, depending upon the manner of 
centrifugation. However, Chantrenne did not have access to the new 
method for isolating mitochondria by differential centrifugation in sucrose 
solutions, and it is possible that some of his particles were artifacts derived 
from breakdown of the mitochondria and secretory granules. It would be 
well to keep his work in mind, however, when repeating the isolation of mito¬ 
chondria with sucrose solutions, and when studying the so-called microsome 
fraction. 

The low enzyme content of the microsome fraction, coupled with its high 
nucleic acid content, is at present not readily explainable. It may be that 
more enzymes need to be studied before it is possible to state that the micro¬ 
somes are really low in enzyme content in general. Perhaps the microsomes, 
submicrosomes, etc. are centers of synthesis for cytoplasmic proteins. They 
may possibly originate, at least in part, in the nucleus (cf. work of Caspers- 
son, to be discussed subsequently), and on the other hand they may repre¬ 
sent at least in part factors that are synthesized in the cytoplasm (cf. the 
work of Spiegelman, Sonnebom, etc. to be discussed subsequently). 

The mitochondria and secretory granules on the other hand would seem 
definitely to arise in the cytoplasm. There is indirect evidence from micro¬ 
scopic observations that the secretory granules arise at or in the immediate 
vicinity of mitochondria, and later migrate to positions in the cytoplasm 
near their position of exit from the cell.^*^ How the mitochondria themselves 
are produced or duplicated does not seem to be known at the present time. 
The role of the lipide and phospholipide in the mitochondria (and also the 
microsome and submicrosome fractions) is at the present time still 
a mystery. 

Nothing has been said thus far about the continuous internal phase of 
C3rtoplasm, which persumably exists and which presumably contains the 
water-soluble constituents of the cell in solution. In a recent paper, LePage 
and Schneider®^ state that some of the enz 3 anes of glycolysis are in the super¬ 
natant solution after removal by centrifugation of the cytoplasmic particles. 
This is no certain indication that these enzymes were present originally in 
the continuous internal phase, since they might have been dissolved out of 
the mitochondria, for example. Schneider®® has reported a curious difference 
in distribution of adenosinetriphosphatase between large granules and an 
unfractionated residue (consisting of a small quantity of large granules to- 

^ G. A. LePage and W. G. Schneider, J. Biol. Chem. 176, 1021 (1948). 
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gether with the microsomes and soluble cytoplasmic material) in comparing 
normal liver with primary hepatomas produced by feeding dimethylamino- 
azobcnzene to rats. The concentration of this enzyme was more than six 
times higher in the large granules than in the unfractionated residue in the 
case of normal rat liver; but in the case of the primary hepatomas, 
the enzyme was only about 1.3 times more eoncentratetl in the large granule 
fraction than in the imfractionatcd residue. This change in ratio was caused 
by a lowering of the concentration of enzyme in the large granule fraction in 
tumor relative to normal liver, as well as to a very marked enhancement in 
concentration of the enzyme in the unfractionated residue in the case of 
tumor relative to normal liver. The concentration of “A.T.P.—ase” in the 
original homogenate was higher in the case of the hepatomas than in the 
case of normal liver, in spite of the fact that the tumor cells are smaller 
tlian normal liver cells and contain c()nsideraV)ly less of the large granule 
fraction than liver. 

III. Studies of Cell Nuclei and Chromosomes Isolated by 
Physicochemical Procedures 

1. Whole Nuclei 

a. Micschcr's Work on Pus Cell Nnclei and Nuclei of Fish Spermatozoa 

Many years ago, Miescher^® isolated nuclei from pus cells by first digest¬ 
ing away the cytoplasm with pepsin-HCl and then separating the nuclei by 
centrifugation, llis studies on these nuclei culminated in the recognition of 
nucleic acid as a material heretofore unknown in tissue. Although the pro¬ 
cedure employed by Miescher I’esulted in microscopically recognizable 
nuclei, it is apparent that it was so drastic as to render the nuclei unfit for 
studies of enzymes, and most proteins. Many ordinary proteins which es¬ 
caped digestion by the pepsin-IICl presumabl}^ could have been extracted 
by the acid and thus lost. It. is a question as to whether even the histone 
would remain in nuclei prepared in this way. Perhaps the only other major 
constituent besides the nucleic acid which could be profitably studied in 
such nuclei would be the lipides. The method of pepsin-HCl digestion has 
been incorporated in a more recent procedure for preparing muscle cell 
nuclei by Stoneburg.®® 

Miescher also isolated nuclei from fish spermatozoa, by washing with dis¬ 
tilled water to remove the nonnuclear material. Nuclei were then isolated 
by differential centrifugation. Pollister and Mirksy^® state however that his 
procedure does not yield nuclei that are completely free of nonnuclear 
pieces. Such nuclei, although they may not be completely free from cyto- 

F. Miescher in Hoppe-Seyler, F., Medizinisch-chemische Untersuchiingen. 
A. Hirschwald, Berlin, 1871, Vol. 4, p. 441. 

C. A. Stoneburg, /. Biol. Chem. 129, 189 (1939). 
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plasm, are presumably isolated by a sufEciently mild procedure to permit 
subsequent study of almost any constitutents, including proteins and 
enzymes, which were not lost by extraction from the nuclei during their prep¬ 
aration. However, the state of enzyme chemistry was not sufficiently ad¬ 
vanced at the time Miescher first obtained nude from fish spermatozoa to 
make possible an enzyme study of these nuclei, and apparently little or no 
enzyme work has been carried out with such nuclei since then. 

The chief work thus far carried out on nuclei of fish spermatozoa comprises studies 
of nucleic acid and protamine.’®"'^® These two constituents account for a very high 
proportion of the solid material of the defatted nuclei. The reader is referred to the 
work of Pollister and Mirsky for recent advances along these lines. 

b. Mammalian Spermatozoa Nuclei 

Mirsky and Pollister^® found that the nucleoprotein of bull spermatozoa, 
unlike that of trout spermatozoa nuclei, was not readily soluble in 1 Jlf 
NaCl. No explanation for this finding could be offered. The cytochrome 
oxidase content of the nuclei of bull spermatozoa has been investigated by 
Zittle and Zitin^^ The nuclei were obtained following treatment with sonic 
vibrations which caused the tails and midpieces to become separated. The 
tails, midpieces, and nuclei were then each isolated separately by differen¬ 
tial centrifugation. The cytochrome oxidase concentration of the tails was 
about 24 times that of the nuclei, while the cytochrome oxidase content of 
the midpieces was about 12 times that of the nuclei. Further work on studies 
of nucleic acid, lipide, and protein nuclei of bull spermatozoa nuclei were 
made by Zittle and O’Dell.^® 

c. Work on Bird and Snake Erythrocyte Nuclei 

Early work on bird erythrocyte nuclei yielded gelatinous material useful 
chiefly for studies of nucleic acid and histone.^®’ Other early experiments 
on bird and snake erythrocyte nuclei are to be found in references 81 and 
82. 


A. W. Pollister and A. E. Mirsky, /. Gen, Physiol, 30, 101 (1946). 

V. T. Miescher, Die Histochemischen und Physiologischen Arbeiten. F. C. W. 
Vogel, Leipsig, 1897, Vol. 2, p. 65. 

” E. Masing, Z. physiol, Chem. 66, 262 (1910). 

A. Kossel, The Protamines and Histones. Longmans, Green, and Co., New York, 

1928. 

A. Kossel, Munch, med, Wochschr. 68, 65 (1911). 

H. Steudel, Z. physiol, Chem, 83,12 (1913). 

H. Steudel, Z. physiol. Chem, 90, 291 (1941). 

C. A. Zittle and B. Zitin, J. Biol, Chem. 144, 99 (1942). 

" C. A. Zittle and R. A. O'Dell, J, Biol. Chem. 140, 899 (1941). 

T. L. Brunton, J. Anat. Physiol. 4, 91 (November 1869). 

D. Ackermann, Z. physiol. Chem, 43, 299 (1904-05). 

« P. Plosz, Med. Chem. UrUersuch, 4, 461 (1871). 

** C. Horhammer, Biochem, Z., 39, 270 (1912). 
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Warburg obtained bird erythrocyte nuclei in somewhat damaged condi- 
tion by the use of freezing ^nd thawing to break the cells.*® Miyake also used 
this technique.*^ Negelein studied the respiration of goose erythrocyte 
nuclei.*^ A low respiratory rate was observed. 

More modern work on bird erythrocyte nuclei has been done by 
Yakushiji*®'Yakushiji used slightly hypertonic saline solutions of 
saponin, digitonin, sodium oleate, and sodium cholate for liberating the 
nuclei from the cells and isolated the liberated nuclei by differential cen¬ 
trifugation. He made an elaborate study of the effect of various conditions 
on the isolation of nuclei and undoubtedly succeeded in preparing nuclei of 
a high quality according to the criterion of good microscopic appearance. 
He states that a mixture of alcohol and ether removes the residual stroma 
which remains attached to the nuclei. His work did not however include 
enzyme studies. 

Laskowski** later prepared nuclei from chicken erythrocytes by laking 
with lysolecithin in approximately isotonic saline solution. Laskowski ob- 


TABLE IV 

Respiration of Chicken Erythrocyte Nuclei 


pH 

Qo2 

6.0 

0.094 

6.5 

0.13 

7.0 

0.21 

7.5 

0.19 


tained excellent nuclei in this manner and studied their respiration, which 
was very low. Nuclei prepared by lysolecithin maintain a very tenuous 
stroma that may be overlooked unless a very careful microscopic scrutiny 
is made of the preparation. Some of the results of Laskowski’s studies of the 
chicken erythrocyte nuclei are given in Table IV. 

In the presence of glucose the Q 02 of the nuclei rose to 0.3 at pH 7.3. 
With the nuclei in saturated NaCl, the Q 02 at first rose, and then respira¬ 
tion ceased. Agglutination did not lower the Q 02 appreciably. 

In a later paper Laskowski and Ryerson*® made a study of the solubility 
of nucleoprotein of the bird erythrocyte nuclei under various conditions. 
Nucleoprotein could be solubilized by treating the nuclei with water or 

A. Warburg, Z. physiol. Chem. 70, 413 (1910). 

« M. Miyake, Keijo J. Med. 4 , 247 (1933). 

” E. Negelein, Biochem. Z. 168, 121 (1925). 

»• N. Yakushiji, Keijo J. Med. 7, 521 (1936). 

« N. Yakushiji, Keijo J. Med. 7, 276 (1936). 

“ M. Laskowski, Proc. Soc. Exptl. Biol. Med., 49 , 354 (1942). 

** M. Laskowski and D. L. Ryerson, Arch. Biochem. 3, 227 (1943). 
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with 5 % NaCl solution. The nucleoprotein was least soluble in physiological 
saline, in agreement with the work of Mirsky and Pollister/® but this is no 
indication that other material is not removed from the nuclei in physiologi¬ 
cal saline solution. Gels were observed when the nuclei were suspended in 
strong saline solution, which rendered difficult the isolation of soluble 
nucleoprotein fractions. Soluble nucleoprotein could be recovered however 
by suction filtration through cellite of the gel produced by treatment of the 
nuclei with 5% NaCl solution. It now seems likely that the soluble nucleo¬ 
protein thus collected was obtained as the result of a slight autolysis occur¬ 
ring during the filtration. Reasons in support of such an idea will be given 
later on. 

Lan and Bounce®® prepared chicken erythrocyte nuclei in 1943 by break¬ 
ing the cells with saponine in 0.9% NaCl. The previous work of Yakashiji 
(previously cited) unfortunately had been overlooked and was not referred 
to in their paper. The nuclei thus prepared showed a Q 02 of 0.4 at 37.5°C. 
in 0.9% NaCl buffered to pH 7.4 with phosphate, and a Q 02 of 0.20 in 0.11 
molar (isotonic) phosphate of pH 6.8 at 25°C. The total lipide was about 
14%, and by direct Dische determinations the desoxyribonucleic acid was 
stated to be about 45%. The latter figure was based on an impure standard 
and is erroneous; it should have been about 38% as reported by Dounce in 
a later article®^ Even this value is no doubt too high since the direct Dische 
method is now known to give erroneously high results. A yellow pigment 
shown to be xanthophyll was found in the nuclei. 

The acid phosphatase content of chicken erythrocyte nuclei was deter¬ 
mined by Dounce and Seibel®^ and it was found that the activity of the iso¬ 
lated nuclei was about the same as that of whole washed chicken erythro¬ 
cytes on a dry weight basis. 

The writer is not aware of any further work on enzyme systems of bird 
erythrocyte nuclei. As a matter of fact, the bird erythrocyte is a cell of such 
limited metabolic function that enzyme studies on the wffiole cell or its com¬ 
ponents may be of dubious value as far as drawing general conclusions is 
concerned. 

Recent work by Melainpy®®- on bird erythrocyte nuclei has been concerned with 
the amino acid content of the hydrolyzed material. Among other results the arginine 
content of the nuclei was found to be high, relative to that of the whole cell, and the 
tryptophan and histidine contents of the nuclei were low compared to those of cyto¬ 
plasm. These results presumably reflect in part the high histone content of the nuclei, 
since histone is low in tryptojihan and high in arginine. This is particularly true since 
it is likely that protein other than histone is lost from the nuclei during their prepara 

A. L. Dounce and T. H. Lan, Science 97, 584 (1943). 

A. L. Dounce, J, Biol. Chem. 161, 235 (1943). 

A. L. Dounce and D. Seibel, Proc. Soc. Exptl. Biol. Med. 64, 22 (1943). 

” R. M. Melampy, Froc. Soc. Exptl. Biol. Med. 66, 213 (1947). 

R. M. Melampy, J. Biol. Chem. 176, 2 (1948). 
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tion, because of solubility in ph 3 »'siological saline solution. The amino acid content 
of the whole cells can, on the other hand, be thought of as reflecting to a considerable 
extent the composition of chicken hemoglobin. 

Work on snake erythrocyte nuclei has been carried out by Villela.'^^ This work was 
not concerned with enzymes, but the lipide content and the desoxyribonucleic acid 
content of the nuclei were measured. The former was about 12.7% for two species of 
snakes; the latter ranged from 56 to 61% in six s])ecios of snakes. Since 5% citric acid 
was used to wash the nuclei, aften* washing with isotonic saline, these values 
for desoxyribonucleic acid arc prot)abIy very much higher t han they should be, chiefly 
because of loss of material other than nucleic acid during the washing procedure. 

Using nuclei washed only with saline, thiamine was found to be present in a con¬ 
centration of about 80yLig./g., and nicotinamide in a cf)ncentralioii of about 122/ig./g. 
These values j^robably arc not of great vjiluc either, owing to probable loss of low 
molecular Aveight water-soluble material from the nuclei during the washing pro¬ 
cedure. 

d. Studies of Ai'bacia E(jq Nuclei Obtained bij Centrifugation Techniques 

A techniciue has boon worked out by tho for soparating 

Arbacia egg otdls into a heavy, nonnuoleatod half and a lightor, ruioloated 
half by centrifugation at 7000 r.p.rn. of a sea water suspension of the eggs 
which overlays a solution of 0.95 molar sugar solution. The constituents of 
the unbroken eggs, which take a position at the interface between the 
saline and sugar solutions, first become stratified into a top oily layer, a 
clear layer just b('low this, a third thin granular layer, a yellowish yolk 
layer still lower, and a red pigmented layer at the bottom. Such stratifica¬ 
tion can be observed microscopically^ with the centrifuge running. 

Breakage of the cells finally takes place, usually at the yolk layer. The 
lighter nucleated halves go to the top of the saline solution, the red pig¬ 
mented halves go to the bot,tom of the tube, and unbroken eggs remain at 
the interface. 

The white nucleated halves at- the top of the saline layer can be collected 
and recentrifuged in the same manner as before to remove contaminating 
nonnuclear material. After this second centrifugation, the top layer is said 
t-o consist mainly of nuclei with a small amount of oily material as a con¬ 
taminant. Using this method, sufficient material can be collected for studies 
using the Warburg or Fenn ajiparatus. 

Shapiro^^^ using unfertilized eggs of the sea urchin, Arbacia 'punciulata^ 

(1. G. Villela, Proc. Soc. Explt. Biol. Med., 66, 39S (1947). 

K. N. Harvey, Biol. Bull. 61, 273 (1931). 

K. B. Harvey, Biol. Bull. 62, 155 (1932). 

E. B. Harvey, Biol. Bull. 62, 155 (1932). 

»» E. B. Harvey, Biol. Bull. 66, 228 (1934). 

E. B. Harvey, Biol. Bull. 71, 101 (1936). 

E. B. Harvey, Biol. Bull. 76, 170 (1938). 

E. B. Harvey, Biol. Bull. 78, 202 (1940). 

E. B. Harvey, Biol. Bull. 78. 412 (1940). 

H. Shapiro, J. Cellular Comp. Physiol. 6, 101 (1935). 
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found that the light half of the egg obtained by the Harvey centrifugation 
technique showed an oxygen uptake nearly equal to that of the whole cell, 
while the pigmented half without a nucleus, which possessed most of the 
yolk and the pigment echinochrome, showed an oxygen consumption of 
about 88% that of the whole cell. The oxygen uptake calculated for the 
sum of the two half eggs was about 29% greater than that of the unbroken 
egg; hence disruption of the egg caused changes in the activity of the oxida¬ 
tive systems. 

On fertilization, the light halves showed an increase in oxygen uptake of 
about 2.7-fold, as did the whole cells, but the pigmented halves did not show 
such an increase. This work is difficult to interpret in terms of the respira¬ 
tory activity of the cell nucleus, since the light halves of the eggs contained 
much material besides nuclei. 

Boell ei studied the cytochrome oxidase of the half cells of Arbacia 
punciulata^ also obtained by the method of the Harveys. Here the lighter 
nucleus-containing halves showed a somewhat greater oxygen consumption 
upon addition of p-phenylenedianiine than the heavier pigmented halves. 
Whether this result can be interpreted to mean that the concentration of 
cytochrome oxidase is higher in the nucleus of the arbacia egg than in the 
cytoplasm seems doubtful in view of the considerations mentioned just 
previously. 

e. Mammalian Somatic Cell Nuclei Isolated from Aqueous Tissue 
Homogenates by Differential Centrifugation 

Miescher isolated the nuclei of pus cells in a drastic procedure which in¬ 
volved the use of pepsin-HCl to remove cytoplasm.®® These nuclei were col¬ 
lected by centrifugation and as a result of studies of the material thus iso¬ 
lated Miescher was lead to the discovery of nucleic acid. 

This work of Miescher is mentioned, because it is the first re¬ 
corded attempt of which this writer is aware to prepare nuclei on an or¬ 
dinary chemical scale from cells, and because it is the basis of some more 
modern work on isolating cell nuclei. It might be well to mention at this 
point, that merely because a cell or one of its components has been isolated 
in a state of good microscopic appearance, it does not necessarily follow that 
the cell or its constituent has not lost considerable material that originally 
was present. This point will be emphasized later on. It is also obviously true 
that in spite of a normal microscopic appearance of a cell or a cell compo¬ 
nent, enzymes contained therein may have been completely inactivated. As 
far as the author knows, there is no method, except possibly that of micro¬ 
dissection, which can be used to isolate a cell nucleus in such a condition as 
to have within it in an undamaged state all components originally present. 

£. J. Boell, R. Chambers, E. A. Glancy, and K. G. Stern, BioL Bull, 79, 352 
(1940). 
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Therefore, one must choose a method of isolation suitable to a study of the 
particular constituent in mind. This statement may well apply to other cell 
components such as mitochondria, but we do not yet have evidence on the 
point. Although the method of Miescher probably denatured enz 3 rmes com¬ 
pletely and removed much material from the nuclei, it was nevertheless of 
great value since it left the nucleic acid in a more or less undamaged state 
within the nuclei and thus permitted a separation of this material from a 
mass of cytoplasm. 

Abderhalden and Kashiwado^®® in 1912 studied nuclei isolated from thymus (by 
means of pepsin-HCl). Anaphylaxis as produced by thymus nuclear material and 
nuclear material from bird erythrocyte nuclei indicated that the protein components 
of these two types of nuclei were not identical, as might have been surmised. No en¬ 
zyme studies were carried out. 

Stoneburg in 1939 capitalized upon the histological observation of Cross- 
inon^°^ that strong solutions of citric acid cause a disintegration of cyto¬ 
plasm and at the same time liberate nuclei in an apparently undamaged 
condition (microscopically). By treatment of tissue with 5% citric acid fol¬ 
lowed by differential centrifugation, Stoneburg was able to isolate cell 
nuclei in a fair degree of purity. He then reverted to the pepsin-HCl treat¬ 
ment of Miescher to remove the last traces of cytoplasm and isolated the 
nuclei, after washing, again by the use of differential centrifugation. These 
nuclei were used primarily for a study of lipides, and of course would have 
been useless for enzyme studies. The method represented an advance over 
the technique of Miescher however, and nuclei prepared in this way could 
be used for a study of desoxyribonucleic acid as well as lipides. It is possible 
that some ribonucleic acid might be lost, however. 

Later on Marshak^*^®-applied the initial steps of the method of Stone¬ 
burg to various tissues and was able to obtain very pure nuclei, judging 
from microscopic appearance, by the use of 5% citric acid and differential 
centrifugation without recourse to the pepsin-IICl treatment. In particular 
Marshak obtained very good nuclei from liver, whereas Stoneburg had 
been unable to obtain any results with his technique from this tissue. 
Marshak studied phosphorous turnover in the nucleic acid and phospho- 
lipide fractions of his nuclei, using radioactive phosphate. Haven and 
Levy^^® later used the method of Marshak to obtain liver and tumor nuclei, 
with the modification of using slightly less citric acid. The nuclei were 
used for phospholipids studies. However, even these nuclei had been pre¬ 
pared at too low a pH to permit enzyme studies. It is of interest in con- 

E. Abderhalden and T. Kshiwado, Z. physiol. Chem. 81, 285 (1912). 

G. Crossmon, Science 86, 250 (1937). 

A. Marshak, Science 92, 461 (1940). 

A. Marshak, J. Gen. Physiol. 26, 275 (1941). 

F. L. Haven and S. R. Levy, Cancer Research 2, 797 (1942). 



214 


A. L. DOUNCE 


nection with the work on lipides that sphingomyelin was not lound in the 
nuclei, although sphingomyelin was present in the whole tissue. Lecithin 
and cephalin were present in the nuclear lipide. 

The writer of this chapter in 1943 found that it is possible to obtain 
nuclei from certain tissues by using very little citric acid, if the pH is 
rigorously controlled.®-* For example, it is possible to prepare nuclei from 
normal rat or rabbit liver at pH 4.0 by the use of a Waring blendor lor 
mincing the tissue in very dilute ice»cold citric acid. If the pH employed 
was between 4 and 0, it l)ecame very hard to isolate nuclei owing to agglu¬ 
tination of cytoplasmic* material to such an extent that the nuclei became 
mixed with a large mass of well-packed sediment upon centrifugation. At 



Fig. 2. Nuclei isolated from rat liver at pH 6.0. (Dounce, A. L., .7. Biol. Chetn 
174, 859 1948.) 


pH 6.0 however, it was possible again to obtain nuclei provided that the 
pH was held within very closely specified limits. A photograph of nuclei 
of normal rat livery prepared in this way, is shotvn in P'ig. 2. At pH 5.7 
sufficient agglutination of cytoplasm occurred to become very troublesome, 
whereas above 6.2 few or no nuclei could be isolated at all even though no 
agglutination of cytoplasm occurred. In the latter case the nuclei became 
dissolved or disintegrated during the mixing in the Waring Idendor and 
the subsequent centrifugations, presumably as the result of an autolytic 
action of some sort, acting together with the shearing action of the blendor. 
^ince nuclei once isolated do not dissolve at pH values of 0.2 to 7.5, it may 

A. b. Bounce, J. Biol. Chinn. 147, 68,') 0948). 
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be that the cytoplasm is responsible for this autolysis. More recently, 
nuclei have been obtained at pH 6.0 from liver, kidney, and pancreas by 
an improvement of our^ original method.^ 

It was immediately possible to study enzymes in nuclei prepared at pH 
6.0, and even in a few cases in nuclei isolated at pH 4.0. A summary of the 
early results will be found in a paper by the author.”^ The early failure to 
find catalase in the nuclei has not been confirmed in later work, and this 
result probably is to be considered as erroneous, possibly attributable to 
our lack of a refrigerated centrifuge when this work was carried out. 

Studies of glycogen, desoxyribonucleic acid, and total lipide were also made using 
nuclei prepared at pH 4.0 and 6.0. Glycogen was found to be absent from the nuclei. 
The desoxyribonucleic acid content of nuclei prepared at pH 6.0 varied from about 13 
to about 20% as determined by the direct Dische determination. Since the direct 
Dische determination is now known to give somewhat high results, these values are 
too high and should have been approximately 10.4 to 16%, according to a recent com¬ 
parison by us of the direct Dische determination with the Schneider determination for 
desoxyribonucleic acid which we now use. The desoxyribonucleic acid content of 
nuclei prepared at pH 3.8 to 4.0 varied from about 20 to 23%, and these values should 
have been corrected to about 16 to 19%. 

The total lipide content of nuclei prepared at pH 6.0 from normal rat livers as de¬ 
termined by continuous extraction and dry weight measurements, varied from 7.5 to 
10.8%. In the case of nuclei prepared from normal liver at pH 3.8 to 4.0, a strain dif¬ 
ference was suspected, since nuclei from Osborne-Mendel rats prepared at this pH 
range showed a total lipide content of 3.2%, whereas nuclei prepared from Wistar 
strain rats showed a total lipide content of 6.0 to 7.2%. However, too few results were 
available to be certain that this difference was significant. 

Our values for total lipide of isolated rat liver cell nuclei are considerably lower 
than those of Williams et. We believe the difference in these results is to be as- 
scribed to the fact that our determinations of total lipide were by direct dry weight 
determinations, whereas those of Williams et al, were obtained by adding the results of 
various isolated lipide fractions. In the latter case, an overlapping of fractions, would 
cause some lipide to be counted twice or more. 

It is not the purpose of the paper to enter into a detailed discussion of the nucleic 
acid or lipide contents of isolated nuclei. For this work, the papers of Haven and 
Levy”® and of Williams and collaborators”* are to be recommended. But the variation 
in the concentration on a dry weight basis of total lipide as well as desoxyribonucleic 
acid of nuclei isolated by various procedures has a bearing on the apparent concen¬ 
trations of enzymes in the nuclei, and hence it is mentioned at this point. It is ]UBt 
now becoming clear that even during the mildest preparation oi nuclei in aqueous 
media, loss in dry weight occurs. 

All of our earlier work with cell nuclei prepared at pH 6.0 or at pH 4.0 
and lower using citric acid involved adding small pieces of liver to ice cold 
citric acid and crushed ice in a Waring blendor, followed by homogeniza¬ 
tion for a fixed length of time. It was objected by Dr. Claude in a private 
communication that this procedure must subject the Grst portion of tissue 

”* H. H. Williams, M. Kaucher, A. J. Richards, and E. Z. Moyer, J. Biol. Chem. 
160, 227 (1946). 
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added to a pH lower than the pH finally obtained at the end of the homog¬ 
enizing procedure. It was found by us that the pH rose so rapidly after the 
addition of a small amount of liver that this objection did not appear to 
be very serious, but nevertheless the fact remained that some nuclei must 
have been subjected to lower pH values that others. To overcome this 
difficulty, a modified procedure was devised whereby the frozen tissue was 
homogenized in ice water for a minute or less, and then tenth molar citric 
acid was added dropwise with the blendor still running until the pH finally 
attained was 6.0 or 4.0 as desired. 

The improved method is somewhat more exacting and difficult to carry 
out than our earlier method. For instance, the pH must be kept within 
0.1 pH unit of 6.0 during the original blending and during the first two or 
three washings. Sometimes, a few drops of very dilute citric acid must be 
added to the suspended material in the first washing to avoid an increase 
in pH above 6.1 which will lower the yield or ruin the preparation (unpub¬ 
lished). 

Using this procedure it was possible to isolate nuclei from kidney and 
pancreas as well as liver^ at pH 6.0. In working with kidney and pancreas, 
special steps had to be UvSed to remove fiber. 

It was found that a number of glycolytic enzymes occurred in liver cell 
nuclei (aldolase^^^ enolase, 3-phosphorglyceraldehyde dehydrogenase, lactic 
dehydrogenase (this enzyme was measured using diphorase and methylene 
blue in a Thunberg tube), and phosphorylase (unpublished)). In most 
cases where the enzyme activity per dry weight was measured (aldolase, 
enolase, lactic dehydrogenase) the concentration in the nucleus was in the 
neighborhood of half that of whole tissue. Phosphorylase was present (un¬ 
published) in a somewhat lower relative concentration and it was necessary 
to grind the nuclei so as to produce considerable fragmentation before 
phosphorylase could be demonstrated in appreciable amount. The enzyme 
arginase was studied in considerable detail.® It was found that the addition 
of MnS04 to nuclei at 25°C. produced no activation of arginase, whereas 
a very appreciable activation is obtained using whole liver homogenate. 
In the case of arginase, the activity per dry weight of isolated nuclei was 
higher than that of whole liver. This result may simply mean that no 
arginase is lost in preparing the nuclei, while other water-soluble material, 
especially low-molecular weight constituents are lost. 

Catalase was found to be present in nuclei isolated at pH 6.0 by the 
improved method in concentrations comparable to those existing in the 
whole tissue (unpublished). A similar result was found for kidney. Aldolase 
was also found in kidney cell nuclei isolated by the improved procedure. 
Pancreas ceil nuclei on the other hand seemed to lack aldolase and catalase. 
However, lipase and esterase were found in these nuclei in concentrations 

A. L. Bounce and G. T. Beyer, /. Biol, Chem. 174, 159 (1948). 
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TABLE V 

Enzymes of Isolated Cell Nuclei 


Enzyme 

Activity per dry weight of nuclei 
expressed as per cent of activity 
per dry weight of fresh whole 
tissue homogenated® 

RAT LIVER CELL NUCLEI 

Aldolase* 

40 

D-Amino oxidase^ 

100 

Arginase* 

113 

Catalase* 

50-80 

Choline oxidase'* 

0 

Cytochrome oxidase* ® 

50-60 

Cytochrome C 

Low 

Enolase® 

50 

Esterase 

50 

Alkaline phosphatase 

192 

Acid phosphatase 

25-30 (minimal) 

Phosphorylase* 

30 (after grinding) 

Lactic dehydrogenate* 

40 

Succinic dehydrogenase* 

i ® 

Uricase^ 

! 100 

RAT KIDNEY CELL NUCLEI 

Aldolase* 

40 

Arginase* 

0 

Catalase'* 

50-80 

BEEF PANCREAS NUCLEI 

Esterase* 

50 

Lipase* 

50 

CHICKEN ERYTHROCYTE NUCLEI (pH 7.0) 

Acid phosphatase 

1 100 

CHICKEN LIVER NUCLEI 

Arginase* 

1 Zero in nuclei and whole cell 

CHICKEN KIDNEY NUCLEI 

Arginase* 

1 0 .. 


** Freah whole tiaaue waa homogenized in distilled water in a ground glass homogenizer. 

^ Work of T. H. Lan.*w 

^ Baaed upon Waring Blendor homogenate at pH 6.0. 

^ Nuclei obtained at pH 6.0 by our improved method. Other nuclei (except those of chicken erythro¬ 
cytes) were prepared at pH 6.0 by our original method. 


about half those of whole pancreas (unpublished). The results of our en¬ 
zyme determinations on isolated nuclei are summarized in Table V. 

“*T. H. Lan, J. Biol, Chem, 161 , 171 (1943). 
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As far as we are able to judge, the isolation of nuclei at pH 6.0 by our 
improved method constitutes a reliable procedure for obtaining nuclei 
using aqueous extractants, which are in general suitable for enzyme studies. 
It must be kept in mind, however, that appreciable losses of many water 
soluble constituents, including enzymes and proteins, probably occur. 
The method can be adapted with some difficulty to small scale procedure 
using a ground glass homogenize!^ although best results are obtained when 
using about 50 g. of material with the Waring blendor for homogenizer. 

Schneider was able to isolate a fraction from cell homogenates used in 
preparing mitochondria, in which apparently all of the nuclei accumu¬ 
lated.^*®® This work has been extended to the use of sucrose homogen- 
ates.^^ ’It is unfortunately difficult to ascertain the state of 
purity of the nuclei in these fractions from reading the literature on the 
subject. In our experience, considerable numbers of whole cells have been 
present in these fractions, and the clumping of the nuclei makes an esti¬ 
mation of extraneous particulate material somewhat difficult. It seems 
likely that losses in water-soluble material (including enzymes and pro¬ 
teins) also would occur from nuclei prepared in hypertonic sucrose solution, 
but this point has not yet been established.* 

We have never been successful in obtaining mammalian liver or kidney 
cell nuclei using physiological saline for aqueous suspending medium and 
using the Waring blendor as a homogenizer. This has generally been due in 
large part to inability to break the cells in the blendor. Nor have we yet 
succeeded in obtaining nuclei using hypertonic sucrose solution with the 
Waring blendor. Either we have not found the proper conditions or this 
suspending medium is not adapted to our general type of homogenizing 
with the Waring blendor. 

It has, however, proved to be possible to prepare pancreas nuclei using 
distilled water alone without the addition of any citric acid. It may be that 
pancreas nuclei could also be prepared using physiological saline. Why pan¬ 
creas nuclei should not become dissolved or disintegrated above pH 6.0 
is not known. 

Schneider® • ®® working with nuclear concentrates from normal liver and 
primary hepatomas of rat liver induced by feeding dimethylaminoazo- 
benzene, found cytochrome oxidase and succinic dehydrogenase in the 
nuclear fraction from normal liver but concluded that the presence of the 
enzymes was probably due to contamination with whole cells and large 

“»G. H. Hogeboom, J. Biol, Chem. 177, 847 (1949). 

“• W. C. Schneider and van R. Potter, J, Biol. Chem. 177, 893 (1949). 

* Arnesen et al (K. Arnesen, Y. Goldsmith, and A. D. Dulaney, Cancer Research, 
9 , 669 (1949)) find that desoxyribonucleic acid is extracted from nuclei obtained by 
differential centrifugation of homogenates prepared with 8.5 or 30% sucrose solutions. 



5. CYTOCHEMICAL FOUNDATIONS OF ENZYME CHEMISTRY 219 

granules. Adenosine triphosphatase on the other hand seemed to be in 
higher concentration in t^ie nuclear fraction from normal liver than in the 
whole tissue homogenate, and was about equal in concentration to its 
concentration in the large granule fraction. Hence one might conclude that 
adenosine triphosphatase is a constituent of the cell nucleus in the case of 
normal rat liver. 

In nuclear concentrates from hepatomas, the observed cytochrome oxi¬ 
dase and succinic dehydrogenase again were presumed to be present as the 
result of contamination with cytoplasmic material. As has been mentioned 
already, the distribution of adenosine triphosphatase was diflferent in the 
case of normal liver and primary hepatoma. The activity of this enzyme 
per dry weight of material was less in the case of hepatoma nuclei than in 
the case of normal liver cell nuclei, but there was still sufficient activity so 
that this enzyme may well have been present in the nuclei. 

Schneider emphasizes the necessity of recovering the total enzyme activ¬ 
ity of the homogenate by adding the activities of the various fractions, in 
order to be certain that some activation or inactivation of enzyme does not 
occur during the fractionation procedure. This is no doubt a highly desir¬ 
able accomplishment in many instances, but it is not helpful in deciding 
whether a cellular fraction which constitutes a small percentage of the 
total cell volume (such as the nucleus of the liver cell) possesses enzyme 
intrinsically, or whether the enzyme is present merely as the result of 
contamination with a fraction especially rich in that enzyme. It appears 
to us that one must work with fractions of considerable purity to decide 
the latter point. 

A reinvestigation of the cytochrome oxidase and succinic dehydrogenase 
activities of normal rat liver cell nuclei isolated at pH 6.0 has been made 
by Dr. F. G. Smith and the writer (unpublished). It was found that the 
cytochrome oxidase activity of the nuclei per dry weight was about 60% 
that of whole liver homogenate taken from the Waring blendor after ad¬ 
justment to pH 6.0 with citric acid. This result is the same as previously 
reported by one of us.“^ However, it is true that the adjustment to pH 6.0 
with citric acid weakens the cytochrome oxidase activity considerably, so 
that one cannot fairly compare the activity of the nuclei with that of fresh 
homogenate, unless one assumes without apparent reason that the cyto¬ 
chrome oxidase of the isolated nuclei is less affected than the cytochrome 
oxidase of the whole homogenate. If the latter apparently unjustified 
assumption is made, the cytochrome oxidase activity of the nuclei per dry 
weight is about 10 to 15% that of fresh liver. 

These new results have convinced us that highly purified nuclei from 
normal rat liver do contain cytochrome oxidase, although it is still barely 
possible that adsorption of mitochondria by the nuclei could account for 
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this. It seems to us however that for the time being at least the burden of 
proof remains on anyone who wishes to maintain that cytochrome oxidase 
is absent from the nucleus of the normal rat liver cell. 

We have still been unable to detect succinic dehydrogenase in purified 
nuclei of normal rat liver, and hence conclude in agreement with Schneider 
that it is not present there. Hogeboom et state that all of the succinic 
dehydrogenase of the liver cell is present in mitochondria obtained by the 
improved technique using hypertonic sucrose, so that their result in this 
case is in agreement with ours. 

Esterase was reported to be present in a nuclear concentrate of normal 
liver cells in about 50% of its concentration in whole liver homogenate by 
Omachi This result is in essential agreement with the result reported 
earlier by the writer^^^ although exact comparison of the two pieces of work 
is not possible in view of the crude method for determining activity used 
by the writer, and in view of the fact that only nuclear concentrates were 
used by Omachi, Barnum, and Glick. 

Von Euler and collaborators^*^ - **® isolated nuclei from th 3 nnus and liver 
by a modification of the writer^s earlier technique, but used these nuclei 
mainly for a study of nucleic acids. The tissue was homogenized at pH 
4.0 (using dilute citric acid) and the nuclei were isolated b}^ centrifugation 
at pH values from 5.0 to 6.0. Succinic dehydrogenase and lactic dehydro¬ 
genase activities were extremely low in concentration in the nuclei. How¬ 
ever, lactic dehydrogenase activity was measurable and was enchanced by 
the addition of coenzyme I. The catalase activity of nuclei of Jensen sar¬ 
coma was negligible compared with that of the cytoplasm. 

Several difficulties make these results unreliable. For example, the pH 
of the homogenization was too low for successful work with most enzymes; 
and no diaphorase was added when lactic dehydrogenase was estimated. 
We have repeated work with lactic dehydrogenase in the presence of excess 
diaphorase and coenzyme I, using nuclei prepared by our improved method 
at pH 6.0, and have found the activity of lactic dehydrogenase per unit 
dry weight of nuclei to be about 40% that per dry weight of whole fresh 
liver homogenate (unpublished). We do not yet know whether freezing 
lowered the enzymatic activity of the homogenate, so that this value of 
40% represents a minimal value. 

Von Euler and collaborators**^ also found that an initial high viscosity 
of nuclei rapidly fell at 20°C. when the nuclei were brought to pH 7.0~7.5 
with alkali. This change was thought to be the result of enzyme action of 
some sort. 

H. von Euler, I. Fischer, H. Hasselquist, and M. Jaarma, Arkiv Kemi, Mineral. 
Geol 21A, No. 12 Page 1 (1945). 

H. von Euler, L. Hahn, H. Hasselquist, M. Jaarma, and M. Lundin, Sartryck 
ur Svensk Kern. Tid. 57, 217 (1945). 
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Some further statement about the desoxyribonucleic acid content of isolated cell 
nuclei seem necessary at this point in order to gain insight as to the magnitude of the 
losses in nuclear material that occur when nuclei are isolated by aqueous extraction 
procedures. In our earlier work, we assumed that an inappreciable amount of desoxy¬ 
ribonucleic acid would be lost at pH 4.0, and in view of later work this assumption 
seems still tenable. Nuclei prepared at pH 6.0 were assumed to have lost some desoxy¬ 
ribonucleic acid. This assumption seemed logical in view of the variability of the 
desoxyribonucleic acid content of these nuclei, and indeed may have been correct. It 
is also possible that the lack of a refrigerated centrifuge may have contributed to 
variability in analyses of nuclei prepared at pH 6.0. However, recent work in this 
laboratory has indicated that nuclei prepared by the improved method at pH 6.0 using 
a refrigerated centrifuge contain about 14% desoxyribonucleic acid as measured by 
the Schneider technique. This is essentially the same amount of desoxyribonucleic 
acid as occurs in nuclei obtained at pH 4.0. 

It was demonstrated that when nuclei are prepared using citric acid at pH values 
of 4.0 or lower, the desoxyribonucleic acid content of the nuclei, based on dry weight, 
rapidly rises as the pH of the preparation falls. This finding undoubtedly caused by a 
removal of more and more histone and possibly other protein from the nuclei as the 
pH falls. 

Extraction with saline also causes loss of dry weight from isolated nuclei. Indeed, 
saline may cause loss of much more protein than dilute citric acid at pH 6.0. This 
point will be mentioned again in the discussion of nuclei prepared by Behrens* pro¬ 
cedure. The values reported by us for desoxyribonucleic acid in chicken erythrocyte 
nuclei*^® are so high (in the neighborhood of 35 to 40% by the direct Dische determina¬ 
tion) that it seems certain that much material other than nucleohistone must have 
been extracted from this nuclei. The same can bo said for the snake erythrocyte 
nuclei prepared by Villela®* which showed an even higher content of desoxy¬ 
ribonucleic acid calculated on a dry weight basis. Here the nuclei were originally sus¬ 
pended in isotonic saline and then washed with strong citric acid. The combination 
of these two factors no doubt removed most of the material other than histone, 
desoxyribonucleic acid, and possibly some insoluble structural protein, and lipide. 
Hepatic cell nuclei of rat liver which were prepared by Villela and Ubatuba^*® from 
^aline perfused livers by means of ice-cold 5% citric acid also must have lost a great 
deal of material other than desoxyribonucleic acid, since the concentration of the 
latter material on a dry weight basis was about 30%. 

The above statements are borne out by microscopic observations. We ourselves 
had reported that nuclei prepared at pH 6.0 by our early method lost protein and 
appeared to shrink when extracted with NaCl. It has been observed by others that 
chicken erythrocyte nuclei obtained by the lysolecithin or saponin method of laking 
in 0.85 per cent NaCl are smaller and appear more condensed than they do in the un- 
laked erythrocyte. 

Finally, in a recent paper, Pollister and Leuchtenberger have demonstrated more 
directly the loss of protein from nuclei as a result of extraction with physiological 
saline solution.Thus, the finding of Mirsky and Pollister*^* that nucleohistone 
(i.e., histone and nucleic acid in salt combination) is very insoluble in physiological 
saline, apparently has led many workers to the false assumption that all nuclear con- 

“»A. L. Bounce, /. Biol. Chern. 161, 221 (1943). 

G. G. Villela and F. Ubatuba, Rev. brasil biol. 8 , 35 (1948). 

A. W. Pollister and C. Leuchtenberger, Proc. Natl. Acad. Sci. 35, (No. 1) 66 
(1949). 

A. E, Mirsky, Advances in Enzymol. 3, 1 (1943). 
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stituents, at least those of a high molecular weight, have maximal insolubility in 
physiological saline. 

All of the foregoing discussion indicates that in determining the amount 
of an enzyme per dry weight of isolated nuclei, the results can probably be 
considered at best as semiquantitative, and in some cases only of a quali¬ 
tative nature, if aqueous solvents were used in isolating the nuclei. This 
does not mean that enzyme studies of isolated nuclei are not of value, but 
it does mean that caution must be exercised in interpreting results and that 
the problem must eventually be approached from as many angles as pos¬ 
sible, including studies of nuclei obtained by microdissection, studies of 
nuclei produced by the Behrens technique, studies of nuclei by means of 
histochemical techniques, and so forth. 

It may be of some interest at this point to outline a problem concerning 
the state of nucleic acid in the nucleus which at the present time is just 
beginning to be clearly defined, and which no doubt involves enzyme 
chemistry. We demonstrated originally that nuclei prepared at pH 4.0 
yielded a stiff gel which persisted in very dilute solutions after the addition 
of suflScient ammonia to raise the pH to 8.0 or higher. Laskowski observed 
gel formation when chicken erythrocyte nuclei were treated with strong 
NaCl solution. We confirmed this finding and also observed gel formation 
upon the addition of ammonia. Miescher had observed gel formation when 
he treated fish spermatozoa with strong NaCl solutions*'-^^ and Mirsky and 
Pollister confirmed this.^® Bensley and Hoerr had observed a gel formation 
when liver tissue previously extracted exhaustively with physiological 
saline was treated with dilute ammonia.^^^ The latter authors ascribed their 
gel to the presence of a supposedly new cytoplasmic constituent, “plas- 
mosin,’’ but we believe, as apparently Mirsky does, that this view was 
erroneous, and that the gel was chiefly due to the desoxyribonucleic acid 
remaining in the cell nuclei. 

Recently we have observed gel formation upon adding 5 or 10 % NaCl 
or ammonia or dilute NaOH to nuclei of normal rat liver cells which were 
obtained by the Behrens technique (see below). In this case, it is necessary 
to raise the pH above 9.0 to get good gel formation upon the addition of 
ammonia or NaOH. It is also possible to obtain gel formation by adding 
NaOH to rat liver nuclei prepared at pH 4.0. Nuclei prepared below pH 
4.0 will also produce gels with alkali. 

An explanation of the chemistry of this gel formation is due in part to 
Dr. Elmer Stotz of this laboratory. The theory is as follows: 

Gel formation is due to the formation of an alkali metal or ammonium 
salt of desoxyribonucleic acid. In the case of the Behrens nuclei, where no 

123 Miescher, Die Histochemischen und Physiologischen Arbeiten. F. C. W. 
Vogel, Leipzig, 1879, Vol. 2 p. 63. 

R. R. Bensley and N. L. Hoerr, Anat. Record 60, 251 (1934), 
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aqueous solvents were employed in the preparation, no lowering of the pH 
occurred, and the desoxyribonucleic acid presumably is present as a salt 
with histone. The addition of NaCl causes a metathetical reaction as 
follows: 

NaCl + Hs-D.N.A.-> Na-D.N.A. -f- HsCl’^ 

The addition of alkali produces the same result as follows: 

NaOH 4- Hs-D.N.A.-► Na-D.N.A. 4 HsOH* 

* D.N.A. = desoxyribonucleic acid 
Hs =» histone 
IIsCl = histone chloride 
IIsOH = free histone base 

In the latter case the pll must be raised to the vicinity of the isoelectric 
point of the histone, at least, if all of the latter is to be displaced from the 
nucleic acid. The same reactions hold for nuclei of chicken erythrocytes, 
prepared at pH 7.0 in physiological saline. Nuclei prepared at pH 4.0 on the 
other hand presumably contain much free desoxyribonucleic acid and his¬ 
tone citrate, if the histone has not been extracted. Reactions accounting 
for gel formation would then be as follows: 

D.N.A. 4 NaOH-► Na-D.N.A. 4 H 2 O. 

Here the pH need be raised only high enough to neutralize the free D.N.A. 
(pH 8.0), since the histone is already neutralized with citrate. The addi¬ 
tion of NaCl to nuclei prepared at pH 4,0 produces no gel, since there is no 
reaction between a strong free acid and a highly ionized salt: 

D.N.A. 4 NaCl->> No reaction 

No place has been made in the above mentioned scheme for rat liver 
nuclei prepared at pH 6.0 by the dilute citric acid method. These nuclei 
apparently should produce a gel upon the addition of either NaCl or alkali, 
but in fact they do not. Instead, an alkali metal salt of a viscous highly 
polymerized desoxyribonucleic acid is produced from which residual nuclei 
can be removed by high speed centrifugation. This sodium desoxyribonu- 
cleate, most conveniently produced by treating the pH 6.0 nuclei with 5% 
NaCl”^ appears to be similar or identical to material prepared by the Ham- 
marsten procedure^^® or by the technique of Mirsky and Pollister.'^® The 
question naturally arises as to why no gel is produced. Although an exact 
answer cannot be given, it can be stated that in all probability some sort 
of autolytic action has solubilized the nucleic acid without causing ex¬ 
tensive depolymerization, and has thereby rendered it incapable of gel 
formation. This statement is borne out by the fact that nuclei prepared at 
pH 4.0 by dilute citric acid, as well as Behrens type nuclei, gradually lose 

E. Hammarsten, Biochem. Z. 144, 383 (1924). 

A. E. Mirsky and A. W. Pollister, J. Gen. Physiol. 30, 117 (1946). 



224 


A. L. DOUNCB 


their ability to fonn a gel if allowed to stand for a few hours at room tem¬ 
perature at pH 7.0. Evidently the enzymes necessary for this autolysis 
reside within the nucleus itself. 

It was previously noticed by us in studying nuclei prepared at pH 4.0 
or lower using the citric acid procedure that very little of the desoxyribo¬ 
nucleic acid was extractable from the nuclei at pH 7.0 to 8.0 with 5% NaCl 
solution. Lately it has been possible apparently to extract some sodium 
desoxyribonucleate from Behrens type nuclei (see below) by means of 10% 
NaCl, but it is a question as to whether a solution of sodium desoxyribo¬ 
nucleate was really formed. The extracted material formed the same type 
of gel as the original material and did not form the viscous but non-gelled 
solutions typical of the Hammarsten or Mirsky-Pollister sodium desoxy¬ 
ribonucleate. The interpretation of this finding depends to a considerable 
extent upon the nature of the gel in question. These gels which are formed 
by nuclei under appropriate conditions do not have a truly homogeneous 
appearance. Upon extending the gel in a slanted test tube with a stirring 
rod, the material, at least while it is reasonably concentrated, can be seen 
to possess a faintly visible inhomogeneity which however is not easily 
visible as long as the gel is quiescent. The gel also possesses the curious 
phenomena of rubberband-like elasticity. This can be demonstrated by 
stirring a fairly dilute gel rapidly in one direction, for example in a clock¬ 
wise direction looking down upon the test tube or beaker. When stirring 
is quickly stopped, the gel can be seen, on account of small air bubbles 
trapped therein, to rotate in a counter clockwise direction, thus acting as 
if it had become twisted up during the original stirring or rotation, and then 
spontaneously had become untwisted when the twisting force was removed. 
Such behavior is indicative of a rather gross macroscopic structure rather 
than a fine molecular structure consisting of even very large molecules. 
Moreover, if a nuclear gel produced by adding 10% NaCl solution to 
Behrens type nuclei is coagulated by being poured into enough distilled 
water to reduce the NaCl concentration to about 1%, very fine fibers that 
have a beaded appearance after staining with afjueous toluidine blue can 
be seen microscopically under oil immersion. 

All of these qualitative observations have lead us to the tentative con¬ 
clusion that nuclear gels are really produced as the result of a hydration 
and swelling of the chromosomes in the nuclei, resulting finally in a con¬ 
siderable disruption of nuclear structure and eventually of an uncoiling of 
the chromatin threads. The latter phenomenon accounts for the persistence 
of the gel after great dilution. Incidentally, on diluting these gels, con¬ 
siderable work is required to bring the gel into complete dispersion in the 
new volume of diluting medium. At first the gel remains segregated in the 
added diluent. 

We are then lead to the conclusion that in all probability gel formation 
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means the formation of a highly hydrated and swollen, but nevertheless 
insoluble alkali metal or'ammonium salt of desoxyribonucleic acid, and 
that extractable desoxyribonucleic acid means the formation of an alkali 
metal or ammonium salt of desoxyribonucleic acid that has become solu¬ 
bilized by some sort of intranuclear autolysis and thereby been set free. 
It was thought possible that the nature of the autolysis in question might 
be the initial action of desoxyribonucleodepolymerase on the desoxyribo¬ 
nucleic acid in the nucleus, and hence an attempt was made to obtain 
nuclei at pH 6.0 in isotonic citrate solution, with the hope that the citrate 
might act as an effective inhibitor of the desoxyribonucleodepolymerase.^^ 
It was possible to obtain nuclei of a somewhat peculiar microscopic appear¬ 
ance by this procedure, but no gel could be formed from them. Hence it 
was concluded that the autolysis probably does not consist of the action of 
desoxyribonucleopolymerase, although this point is by no moans proved. 
It appears to us that a clearing up of the nature of the autolysis discussed 
above would constitute another step in our understanding of the enzymatic 
chemistry of the cell nucleus. 

It has been claimed by the Stedmans**®“*®® that a new acid-protein termed chromo- 
somin (not to be confused with the chromosin of Mirsky) makes up the bulk of the 
protein of the cell nucleus and that desoxyribonucleic acid, if present at all, must be 
there in relatively unimportant amounts, chiefly in the “nuclear sap.^ This claim, 
which was originally put forth with no detailed supporting evidence, and which was 
in fact supported by circular arguments, appears to the present writer to conflict with 
all well-established evidence about the chemical constitution of the cell nucleus. This 
idea of the Stedmans has been criticized in a veiled and open manner by 
several writers, and it appears unnecessary to consider it here in detail. 

Before leaving the topic of the nucleic acid of cell nuclei, a further inter¬ 
esting and perhaps very important finding should be mentioned. Marshak^®® 
and particularly Brues et al}^^ found that the turnover of the phosphate of 
desoxyribonucleic acid as measured by radioactive phosphate uptake is 
very low in normal liver cells but is much higher in regenerating liver cells 
or in tumor cells. This finding was established by isolating whole nuclei 
from the tissues in question, using strong citric acid. In contrast, the turn¬ 
over of the phosphate of ribonucleic acid was equally high in resting and 
dividing cells. The fact that the phosphorous of the desoxyribonucleic acid 
does not have a high turnover rate in the resting cell should not necessarily 
be taken to indicate that desoxyribonculeic acid has no function in the 
nucleus of the resting cell. It may well indicate however that the synthesis 
of desoxyribonucleic acid is very slow in the resting cell. 

M. McCarty, J. Gen. Physiol. 29, 123 (1946). 
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Recently, Marshak:^®^ purports to show by studies involving radioactive 
phosphate that cell nuclei of normal and regenerating rat liver initially 
incorporate phosphate into some new type of nucleic acid hithertofore not 
described, and that the phosphate thus taken up is later transferred to 
ribose nucleic acid of the cytoplasm in normal liver and to desoxyribonu¬ 
cleic acid of the nuclei in regenerating liver. These conclusions are reached 
largely from measuring soluble nucleotides formed by incubating the iso¬ 
lated nuclei alone or with ribonuclease and dcsoxyribonuclease in saline 
solution or in bicarbonate buffer, and also from measuring the specific ac¬ 
tivity of these fractions with respect to The statement is made that 
this new “precursor type” of nucleic acid is different from the ribonucleic 
acid of cytoplasm since its specific activity with respect to is much 
higher. 

Marshak apparently has demonstrated that in both regenerating and 
normal liver, P^^ is not incorporated into the desoxyribonucleic acid frac¬ 
tion of the nucleus to an appreciable extent in the first 3 hours after ad¬ 
ministration. The best indication of this result is the finding of no appre¬ 
ciable radioactivity in the desoxyribonucleic acid fraction extracted by the 
method of Schmidt and Thannhauser^"^* (erroneously called by Marshak the 
method of Schneider who made use of it^^*^). The work with the added 
enzymes is somewhat ambiguous however, since it was not demonstrated 
that the dcsoxyribonuclease was free from ribonuclease and vice-versa. 
Moreover, the insolubility in 1 ilf NaCP^ of desoxyribonucleic acid in nu¬ 
clei prepared by means of strong citric acid was apparently not appreciated 
by Marshak, nor was the possibility that some ribonucleic acid might be 
extracted by the strong citric acid which he employed. The writer can see 
little reason at the present time for using 5% citric acid in preparing liver 
cell nuclei. 

Marshak found that autolysis of the nuclei in respect to nucleic acid 
occurred at 37° in saline, and to a greater extent in bicarbonate buffer. 
The latter result is not surprising since it is doubtful whether the pH in the 
interior of the saline-washed nuclei could be nearly as high as seven. The 
findings of Marshak which appear to have demonstrated the presence in 
the cell nucleus of enzymes which can depolymerize nucleic acid, support 
similar studies of von Euler and collaborators, already mentioned. How¬ 
ever, more work remains to be done to prove this point. Apparently the 
enzymes of the nuclei which can depolymerize nucleic acid must be extra¬ 
ordinarily resistant to acid. 

This writer is not convinced that Marshak has demonstrated the pres¬ 
ence of a new “precursor type” of nucleic acid. The fact that the specific 
activity of the cytoplasmic ribonucleic acid is lower than that of the “pre- 

A. Marshak, J. Cellular Comp. Physiol. 32, 381 (1938). 
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cursor nucleic acid’^ in no way proves them to be different materials. It is 
more probable that the alleged “precursor type’^ nucleic acid of Marshak 
is simply ribonucleic acid'. The latter statement is strongly supported by 
work recently reported by Barnum and Huseby^^® who show that the ribo¬ 
nucleic acid of cell nuclei takes up radioactive phosphorous from inorganic 
phosphate far more rapidly than the ribonucleic acid of cytoplasm. The 
ribonucleic acid of the submicrosome fraction, although lagging behind the 
ribonucleic acid of the nuclei in speed of uptake of radioactive phosphate, 
is nevertheless ahead of the ribonucleic acid of mitochondria and micro- 
somes. The latter fractions both take up the radioactive phosphate very 
slowly. This work lends some support to the idea of a flow of ribonucleic 
acid from the nucleus to the cytoplasm. 

/. Studies of Nuclei Isolated by the Technique of Behrens 

In 1932 Behrens^^® was able to isolate cell nuclei from heart muscle, 
brain, liver, pancreas and thymus by a method which did not involve the 
use of any aqueous solvents. This work was for the time being more or less 
unnoticed, but it was of the greatest importance in that it provided a means 
of checking analytically the amount of material lost fiom nuclei prepared 
by using aqueous extractants. This type of work was not however carried 
out to any great extent by Behrens. Briefly, the method of Behrens consists 
in lyophilizing the tissue, grinding in a ball mill to break the cells, and sift¬ 
ing to remove large particles and fiber, followed by isolation of the nuclei 
using a specific gravity flotation method with mixtures of benzene and 
carbon tetrachloride as solvents. The latter procedure depends upon the 
fact that the nuclei have a greater specific gravity than the whole cell or 
most of the components of cytoplasm. Of course lipide studies cannot be 
made upon nuclei obtained by the method of Behrens. 

In 1939, Behrens*^’" reported that arginasc was present in nuclei prepared 
by his method from liver in about the same concentration as in the cyto¬ 
plasm, but that lipase was very low in concentration in these nuclei as 
compared with its concentration in cytoplasm. This result may be com¬ 
pared with unpublished work of our own in which we have found both 
lipase and esterase in nuclei obtained at pH 6.0, using aqueous solvents, 
from pancreas, and esterase in nuclei obtained from liver, all in concen¬ 
trations of about one-fourth to one-half that of the corresponding whole 
tissue. We also confirmed Behrens’ results with arginase using nuclei ob¬ 
tained by a modification of his method.^^® A photograph of nuclei of normal 
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rat liver obtained by us using our modification of Behrens* procedure is 
shown in Fig. 3. 

Behrens also reported the preparation of cell nuclei from thyroid.^®® 
Finally, the new method of cell fractionation was applied to plant tissue^^® 
and in subsequent work, Behrens and collaborators proved that the nuclei 
of cereal germ contain desoxyiibonucleic acid^^^ and that the cytoplasm of 
cereal germ contains ribonucleic acid.^^® Thus the older idea that desoxy¬ 
ribonucleic acid occurred only in animal cells was definitely disposed of, 
and the tme picture, i.e., the localization of the desoxyribonucleic acid in 
cell nuclei whether in the plant or animal kingdom, was established. 



Fig. 3. Nuclei isolated from rat liver by the Behrens* technique. (Bounce, A. L. 
and collaborators.) 

Subsequent workers have utilized various modifications of Behrens’ 
procedure for obtaining nuclei from animal cells. For instance Williams 
and collaborators^*® studied the distribution of vitamins between nucleus 
and cytoplasm of heart muscle and mouse cancers, using a modified Beh¬ 
rens’ procedure to obtain the nuclei. 

Microbiological studies indicated that nicotinic acid, riboflavin, pan¬ 
tothenic acid, thiamine, and folic acid are two to four times as concentrated 
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R. Feulgen, M. Behrens, and S. Mahdihassan, Z. physiol. Chem. 246, 203 (1937). 

i**M. Behrens, Z. physiol. Chem. 263, 185 (1938). 

E. R. Isbell, H. K. Mitchell, A. Taylor, and R. J. Williams, Univ. Tezeis Pub. 
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in the nuclei as in the whole cell in the case of heart muscle. Inositol and 
biotin appeared to be more concentrated in the cytoplasm than in the 
nuclei, while pyridoxine Was equally concentrated in the cytoplasm and 
nucleus. In the cancer tissues studied, on the other hand, the vitamins in 
general seemed to be less concentrated in the nuclei than in the whole 
tissue. 

A study of the proteins of nuclei isolated from calf thymus by the 
Behrens^ technique was made by Mayer and Gulick.^^ These authors 
studied the protein make-up of the isolated nuclei and estimated the nucleic 
acid content by analyzing for total phosphorous (a procedure which is 
quite erroneous). A sulfur-containing protein fraction was isolated from 
the nuclei which was precipitable isolectrically at pH 5.8 to 6.2 and which 
was soluble in 5% NaCl. This fraction no doubt must have contained 
many individual proteins. 

A study of some metals of isolated cell nuclei of bovine thymus, human 
tonsil; and bovine supramammary lymph gland was made by Williamson 
and Gulick^^® A modification of the Behrens* technique was used in which 
acetone dehydration was used instead of lyophilization. The isolated nuclei 
contained on the average of 1.35% calcium and about 0.07% magnesium, 
as against 0.73% calcium in whole thymus cells and 0.02% magnesium in 
the same cells. Thus calcium and magnesium seem to be more concentrated 
in the nuclei than in the cytoplasm. The percentage of calcium and mag¬ 
nesium did not seem to vary from one type of nucleus to another. 

Lately we have undertaken a study of Behrens type nuclei in this labo¬ 
ratory, using normal rat liver and rat carcinoma 256.^®® The original method 
of Behrens, which is cumbersome and defective in the lyophilization step, 
was modified to some extent. Our lyophilization was carried out in a period 
of 48 hours using a vacuum pump with dry ice-acetone traps to freeze out 
the evaporated water. Grinding was carried out in the cold using a ball mill, 
with the frozen, powdered liver suspended in petroleum ether. Fiber was 
removed by straining through cheese cloth and specific gravity flotation 
and differential centrifugation was carried out in the cold, using benzene- 
carbon tetrachloride mixtures. Details of this work will appear elsewhere. 

The chief findings of interest were first that the desoxyribonucleic acid of 
Behrens type nuclei is only about 6% as measured by Schneider's method. 
This probably indicates either that much material other than desoxy¬ 
ribonucleic acid has been lost from nuclei prepared at pH 4.0 or 6.0 in 
aqueous medium, or that the Behrens nuclei are only 40 to 50% pure. 
From the method of preparation and microscopic observation, the latter 
possibility is very improbable. A second finding was that the desoxyribo¬ 
nucleic acid content of Walker tumor nuclei is higher than that of normal 

D. T. Mayer and A. Gulick, J, Biol. Chem. 146, 433 (1942). 
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rat liver nuclei, contrary to results previously obtained by us.®* This indi¬ 
cates that less material is lost from tumor nuclei than from liver nuclei 
when both are prepared in aqueous media, although much material also is 
lost from the tumor nuclei. A third finding was that the nucleic acid of 
Behrens type nuclei is not easily extractable in 5% sodium chloride solu¬ 
tion and forms a gel as previously discussed, upon the addition of NaCl 
solution or alkali. A fourth general result was that some enzymes can be 
measured in Behrens type nuclei, while others are destroyed or nearly 
destroyed by the method of preparation. Arginase appears to be undamaged; 
catalase is 50% inactivated, and aldolase is almost completely inactivated. 

Finally, free amino acids were measured by paper chromatography in the 
isolated nuclei and whole cells. No appreciable differences in amino acid 
patterns were found between nuclei and whole cells, either in the case of 
normal liver or tumor. 

The work outlined above has made it quite clear that great losses of 
material, undoubtedly including protein, occur when nuclei are prepared 
in aqueous media at pll 0 or 4 in the case of liver. Nucleic acid analyses 
make it most probable that the same statement holds for bird erythrocyte 
nuclei prepared at pH 7.0. Whether the statement applies to nuclei ob¬ 
tained by the hypertonic sucrose technique is not yet clear, but there seems 
no reason to suppose that the latter nuclei should retain any more of their 
dry weight than nuclei prepared by other procedures using aqueous media. 
It is also possible that chromosomes and mitochondria prepared in aqueous 
media lose some protein, but this is not yet known to be true. 

2. Studies of Isolated Chromosomes 

Claude and Potter^^® published a method for the isolation of chromatin 
threads from leukemia cells in 1943. The threads were extended, generally 
doubled, and stained in a banded manner with the Feulgen stain. From 
the photomicrographs in the article, these chromatin threads appeared to 
be in an excellent state of purity. About 3% lipide was present in the iso¬ 
lated chromatin threads which may or may not have been an impurity 
according to Claude. No further work on chromatin threads of which the 
writer is aware has been published by Claude. A photograph of the chro¬ 
matin threads of Claude and Potter is shown in Fig. 4. 

Slightly earlier than the date of appearance of Claude’s paper, Mirsky 
and Pollister*^^ announced the preparation of chromatin threads from liver 
and other tissue which were thought possibly to be isolated chromosomes, 
but details of the method were not published until 1947.*^®- By this time 

A. Claude and J. S. Potter, J. Exptl. Med. 77, 345 (1943). 
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it was certain that the threads were indeed chromosomes. Mirsky’s chro¬ 
mosomes appear to be coiled for the most part and possess sufficient mor¬ 
phology so that a given kind of chromosome can be found repeatedly in a 
smear. A photograph of these coiled chromosomes is shown in Fig. 5. It is 
of interest that both Claude and Mirsky used whole tissue rather than 
isolated nuclei as starting material for obtaining isolated chromosomes. 
Indeed Mirsky states that he has been unable to obtain isolated chromo¬ 
somes starting from isolated nuclei. It seems apparent that a slight autolysis, 
presumably caused by enzymes of the cytoplasm, must occur in order to 



Fig. 4. Chromatin threads isolated from mouse leukemia cells according to Claude. 
Left hand figure at 50()X magnification, right hand figure at 160()X magnification. 
Photograph kindly furnished by Dr. Claude. (Claude, A. and Potter, J. S., J . Exptl. 
Med. 77, 345, 1943.) 

‘‘loosen” the chromosomes and allow them to become dispersed. Since the 
desoxyribonucleic acid of the isolated chromosomes is extractable with 
molar NaCl, and since the chromosomes were prepared at high pH in 
aqueous medium, one may probably assume with safety that enough 
autolysis has occurred to prevent gelability of the chromosomes, although 
this statement is not made by Mirsky. The marked Instability of isolated 
chromosomes in physiological saline has been noted by Mirsky and Ris.^®*’ 
It is recognized that autolytic changes must occur even during preparation 
of the (‘hromosomes. It is shown also that not all of the histone can be split 

A. E. Mirsky iind H. Ris, J. Gev. Physiol. 31, 7 (1947). 
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off from the nucleic acid of isolated chromosomes with HCl or H 2 SO 4 . 
Whether this latter finding can have anything to do with gel formation is 
a matter of uncertainty. The last two papers mentioned are especially 
recommended to the reader. 

The only knowledge of the enzymatic composition of the isolated chro¬ 
mosomes of which the writer is aware is the statement by Mirsky that the 



Fio. 5. Suspension of isolated thymus chromosomes according to Mirsky {Cold 
Spring Harbor Symposia Quant. Biol. 12, (1947)). Aceto-orcein; magnification = 1200X. 


isolated chromosomes are rich in alkaline phosphatase and also in the' 
autolytic enzymes of unspecified nature which render them very unstable 
on standing. 

Since Mirsky used 0.9% NaCl in preparing isolated chromosomes it is 
not surprising, in view of discussion already concluded, that desoxyribo- 
nucleohistone should comprise a very high percentage of the total mass of 
the chromosomes. It would be of interest if chromosomes could be isolated 
by Behrens' technique, to compare the desoxyribonucleohistone content 
of such chromosomes with those obtained by the method of Mirsky. It has 
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in fact been determined by Pollister and Leuchtenberger^** by micro- 
absorption technique that the concentration of desoxyribonculeoprotein 
in chromosomes as they exist in the cell is lower than in the isolated chro¬ 
mosomes of Mirsky. It might also be of interest to compare the desoxy- 
ribonucleohistone content of chromsomes isolated with water as the sus¬ 
pending medium with that of chromosomes isolated using physiological 
saline as the suspending medium. 

Chromosomes have been isolated more recently by Gopal-Ayengar and 
Cowdry'^^ from mouse epidermis made hyperplastic by metholcholan- 
threne, from normal mouse epidermis, and transplantable mouse epidermal 
carcinoma produced by methylcholanthrene. Enzymes were not studied, 
but the desoxyribonucleic acid content of the chromosomes of hyperplastic 
epidermis was found to be below that of the normal epidermis, while the 
desoxyribonucleic acid of the tumor chromosomes was considerably above 
normal. This work is important and of considerable interest to those work¬ 
ing in cancer research, but in view of difficulties already mentioned in 
connection with isolated w’hole nuclei, complete evaluation of interpreta¬ 
tion of the results may not be possible at the present time. 

3. Discussion of Section III 

It now seems clear that many enzymes, for example alkaline phosphatase 
and important enzymes of the glycolytic system including the dehydro¬ 
genases, are normally present in at least two kinds of cell nuclei (liver and 
kidney), but that oxidative systems must be deficient there, since succinic 
dehydrogenase, for instance, is almost certainly lacking. It is also clear 
that the enzymatic make-up of nuclei can be variable, since liver cell nuclei, 
for example; are rich in arginase, but apparently this enzyme is absent 
from the nuclei of kidney cells. 

Esterase and catalase appear to be present in both liver and kidney cells. 
Cytochrome oxidase appears to be present in the nuclei of liver cells at 
least. Pancreas nuclei seem to be very deficient in aldolase but contain 
esterase, lipase and some catalase. This deficiency in aldolase may reflect 
the extremely low values of aldolase in whole pancreas or it may be that 
aldolase is more easily lost from pancreas nuclei than from liver and kidney 
nuclei.* 

Autolytic enzymes that destroy the gelability of desoxyribonucleic acid 
appear to be present in the nuclei of all tissues thus far studied, and in fact 
may be present in isolated chromosomes. 

It is still too early to state just what type of metabolism goes on in the 
cell nucleus. Recent studies in this laboratory on the substrates of Behrens 
type nuclei have shown no difference between the pattern of free amino 

A. R. Gopal-Ayengar and E. V. Cowdry, Cancer Research 7, 1 (1947). 

*“ J. W. Sibley and A. L. Lehninger, J. Biol. Chem. 177, 859 (1949). 
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acidij in the nucleus and cytoplasm of normal rat liver cells from rats fed 
ad libitum on a standard fox chow diet. Glutathione also was present in the 
nucleus and cytoplasm in approximately equal concentrations. 

The composition of isolated nuclei has been shown to depend upon the 
method of preparation, since on the one hand considerable water-soluble 
material is undoubtedly extra(-ted in using aqueous methods, and on the 
other hand lipide is extracted in using the Behrens' technique. It is there¬ 
fore desirable to use a method of preparation that can be shown, if possible, 
not to damage or extract a component being studied, and also, if possible, 
to determine the amount of the component in question per nucleus rather 
than per dry weight of nuclei. The latter procedure involves counting 
nuclei, however, and it must be admitted that this is not easy or accurate 
in many instances, because of the great tendency for the nuclei to clump 
together, if prepared at any pH except 6.0. Strong citric a(iid (or other acid) 
can be used in diluting the nuclei before counting to minimize clumping, 
and staining should be avoided if possible, since this favors clumping. 

IV. Studies of the Chemistiy of Cell Components as Deduced from 
Special Physiochemical Techniques. 

1. Special Centrifugation and Microdissection Techniques, Singly 

OR Combined 

In work of this sort, a very small number of cells is used as a rule, and 
the estimation of enzymes in the cell fragments therefore must be carried 
out by special micromethods, most of Avhich have been developed in the 
laboratory of Linderstr0m-Lang. The micromethods will not be discussed 
here, since they'' are covered in Click's new book on technique.A discus¬ 
sion of the methods will also be found in a chapter by Linderstr0m-Lang 
and Ilolter in Bammann and Myrbiick, Die Methoden dcr Fermentfor- 
schung.^^^ The procedun's have been applied, for example, to echinoderm 
eggs and to amoebas. 

Holter and Linderstr0m-Lang‘^^ found that in the eggs of the echinoderm 
iJendraster v.xccntricm, significant amounts of the enzymes catalase and 
peptidase were not present in the cell nucleus. This was also true of Amoeba 
proteus. In general, using amoebae or echinoderm eggs, the enzymes pep¬ 
tidase and catalase were well correlated in activity with the amount of 
“hyaline cytoplasmic; matrix" estimated to be present in the cell compo¬ 
nents studied, and hence these enzymes were thought to be present in this 

D. Glick, Techniques of Histo- and Cytochemistry. Interscienco, New York, 

1949. 

Die Methoden der F'ermentforschung. Edited by Bammann and Myrbiick, 
Thieme, Leipsig, 1940, p. 1132. 

H. Holter and K. Linderstr0m, Silzber. Akad. Wien Malhem.-nalunv. 

Kinase Abt. If-h 145, 89H (1936); or Monatsh. 69. 292 (1936). 
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hyaline cytoplasmic matrix rather than in the mitochrondria, nucleus, or 
other large formed elements of the cell. The technique of the Harveys 
(references previously cited) was used in centrifuging the cells, and micro¬ 
dissection was used only when necessary to separate previously unseparated 
cell halves. 

In 1936, Holter'^® reported, in agreement with the above mentioned work, 
that peptidase occurred in the "'hyaline cytoplasmic matrix'' in three species 
of marine ova {Arbiwia punctulata, Echinarachniiis parma, and Chaeiop- 
terns pergamentaceus). 

This work with peptidase was confirmed, in general, by Holter*^^ using 
amoebas, although the authors state that in this case the results were at 
best semi-quantitative. 

On the other hand, Ilolter and Doyle^^^ reported that the amylase of 
amoeba proteus appeared to be localized in the mitochondria.* 

Some interesting observations have been made concerning the function of the 
nucleus in amoebas. For instance, Lynch in 1919*®® reported a set of observations on 
nucleate and nonnucleate halves of amoebas which had been separated by micro¬ 
dissection. It was found that the enucleated hr If could live almost as long as a nor¬ 
mal amoeba deprived of food, whereas the nucleated half seemed to behave like a 
more or less normal amoeba. The nucleus appeared to enable the amoeba to utilize 
glucose plus urea in its nutrition or metabolism, for without the nucleus, the addi¬ 
tion of glucose plus urea was harmful although glucose alone was beneficial. The 
motion of the amoeba was not seriously affected by lack of the nucleus; indirect 
(and somewhat inconclusive) evidence w'as offered to show that the nucleus did not 
take an important part in cellular o.xidations. Very logical arguments were offered 
on this last point however. It was also reported that the nonnucleate halves were 
somewhat more sensitive to high or low temperature and to cyanide than the nucleate 
hal VOS. 

The questfon as to whether an enucleated amoeba can digest food has been a 
matter of some controversy. Verworn*®® stated that denuclcated amoebas could in¬ 
gest food but could not digest it. On the other hand, Hofer*®* stated that enucleated 
amoebas could continue the processes of respiration, digestion, and excretion for 
several days. 


H. Holter, J, Cellular Comp. Physiol. 8. 179 (1936). 

H. Holter and M. J. Kopac, J. Cellular Coinp. Physiol. 10, 423 (1937). 

H. Holter and C. Doyle, Compt. rend. Irav. lab. Carlsberg. Ser. chim. 22, 219 
(1938). 

* Brachet (J. Brachet, Arch, expll. Zellforsch. Gcwebezuch. 22, 541 (1938-39)) in a 
study of nuclei of frog eggs obtained by microdissection, found that o.xidation and 
CO 2 production b.v the nuclei were very low compared with the corresponding effects 
in cytoplasm. On the other hand, peptidase and esterase were nearly as high in con¬ 
centration in the nucleus as in the cytoplasm. 

V. Lynch, Am. J. Physiol. 48, 258 (1919). 

160 M. Verworn, Psycho-physiologische Protisten-Studien, Experimentelle Un- 
tersuchungen. Jena, 1889. Cited by M. J. Kopac and H. Holter, J. Cellular Comp. 
Physiol. 10, 434 (1937). 

*•* B. Hofer, Jena. Z. Naturw. 24,105 (1890). Cited by M. J. Kopac, and H. Holter, 
J. Cellular Comp. Physiol. 10, 434 (1937). 
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As early as 1912, Gruberanalyzed the previously existing biological literature 
on the function of the nucleus and cytoplasm in the amoeba and made a rather ex* 
haustive study of the mechanism of movement of the amoeba and the role of the nu¬ 
cleus in maintainance of normal movement and a number of other chemical and 
physiological functions. 

Micro-operative technique was used to obtain large and small portions of enu¬ 
cleated cytoplasm and nucleate cytoplasm. It was found that the maintainance of 
normal movement is dependent upon the nucleus in some indirect way. Loss of the 
nucleus did not prevent ingestion of food, but it was definitely shown to hinder diges¬ 
tion of ingested food. It was surmised that digestive enzymes are synthesized within 
the nucleus and subsequently pass out into the cytoplasm; consequently an enucleate 
amoeba can digest small particles of food until its content of cytoplasmic enzyme is 
exhausted, and then digestion fails. At this point partially digested food particles 
are ejected. 

The presence of a nucleus was found to be required for the maintainance of normal 
rhythm of the contractile vacuole, but contractile vacuoles could be formed and 
would even contract at a somewhat lowered rate for a time without the presence of a 
nucleus. 

Nucleate and enucleate halves of an amoeba were stated to behave similarly 
towards alternation in tempeature (contrary to the work of Lynch previously cited). 
A considerable study was made of the effect of temperature changes on the amoeba. 
Large pieces of enucleate amoebic cytoplasm behaved more nearly like normal nu¬ 
cleate amoebas than small ones. 

If small nucleated amoebas were produced by removing most of the cytoplasm by 
microdissection, these forms with difficulty could be induced to ingest food. At first 
the nuclei shrank in size, but later both the cytoplasm and nucleus grew if food in¬ 
gestion could be maintained, until finally an amoeba of normal cytoplasmic and nu¬ 
clear size was regenerated. At this point, but not before this, the operated amoeba 
could divide in a normal manner. 

Enucleate amoebas even if large always lost function gradually and eventually 
died. One author is quoted as stating that he could keep enucleated halves alive as 
long as 30 days, following operation. Needless to say the enucleate halves did not 
divide or grow. 

It can be seen that this work of Gruber is in agreement with the later work of 
Lynch, already discussed, except for one or two minor points. 

More recently work of a similar nature has been carried out by Clark^«®. Clark 
found that large organisms (rotifers) could not be digested by protoplasm of the 
amoeba in the absence of the nucleus, and suggested that digestive enzymes are 
secreted as zymogens by the nucleus and later are activated by factors in the cyto¬ 
plasm. The loss of digestive enzymes appeared to be gradual after removal of the 
nucleus, as reported by Gruber and Lynch, so that a recently enucleated amoeba 
could ingest and kill small organisms presumably by digestion, whereas after 4 or 5 
days food was ingested infrequently and once ingested lived for exceptionally long 
periods in the food vacuole. 

In multinucleate amoebas, according to Clark, only one nucleus is necessary for 
digestive function. If in a bi- or trinucleate amoeba one or two nuclei respectively 
are damaged by pricking with a dissecting needle, these damaged nuclei are digested 
and the amoeba is normal as long as one nucleus remains, but if a mononucleate 
amoeba is deprived of the function of its single nucleus in this way, the organism be- 


^•*K. Gruber, Arch. ProtUtenk. 26, 316 (1912). 

A. M. Clark, Ausiralian J. ExptL Biol. Med. Sci. 21, 215 (1943). 
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haves like an enucleate amoeba and does not digest the nuclear remnants. Amoebas 
with destroyed nuclei “lived** only for 2 to 3 days, whereas Clark was able to keep 
enucleate amoebas alive for periods as long as a week. 

The work of Clark thus seems to confirm quite definitely the idea that the normal 
digestive function of the amoeba is dependent upon the presence of an intact nucleus. 
Clark states that all previous workers have recognized the importance of the nucleus 
in amoebas for synthetic metabolic processes, and this statement is supported by the 
articles of Gruber and Lynch. 

Clark also studied the permeability of the nuclear membrane of amoebas by notic¬ 
ing how fast certain dyes could be taken up by the nucleus. Microinjection was used 
to introduce dye substance directly into the cytoplasm. The membrane was found 
to be quite permeable to all the dyes studied, whereas the cytoplasmic surface or 
plasmalemma was impermeable to some of the dyes. Thus nuclear membrane seems 
to have a higher degree of permeability than the cell membrane, at least in the case 
of amoebas. 

Clark found that a peroxidase occurs normally in the nucleus and the cytoplasm 
of the amoeba. This enzyme disappears from the cytoplasm of starved amoebas but 
reappears when feeding is permitted, in the normal amoeba. However in the enucleate 
amoeba the enzyme does not reappear even when food has been ingested. This indi¬ 
cates that the peroxidase is probably formed within the nucleus as such or as a zymo¬ 
gen, and later passes out into the cytoplasm. 

Permeability of the nuclear membrane of nuclei isolated from frog eggs by micro- 
dissection^®^ has been studied by Duryee.*®® In this connection it is of interest that 
Duryee'®® has shown that particles called nucleoli migrate to the surface of the nu¬ 
cleus of the frogs egg and then rupture through the nuclear membrane in some way 
into the cytoplasm, leaving some small residues inside the nuclear membrane. The 
nucleoli appear to be formed from outgrowths of the chromosomes (“lampbrush 
chromosomes’*). Nucleolar migration also can be observed in insects.'®^**®® 

In a more direct approach to the problem of enzyme distribution within 
the cell, Bundling in 1941^®® studied catalase distribution in cells of the 
salivary glands of chironomus larvae using the technique of microdissection 
to separate nuclei from cytoplasm. It was found that cytoplasm produced 
copious decomposition of H 2 O 2 as observed qualitatively by noting the 
evolution of gas bubbles, whereas nuclei which were broken open after 
isolation and treated with H 2 O 2 did not cause appreciable gas bubble forma¬ 
tion. It was concluded therefore that catalase was present in the cytoplasm 
of this cell but was low in concentration or absent in the nucleus. As has 
been mentioned, our own observations with nuclei isolated at pH 6.0 from 
liver, kidney, and pancreas cells by our improved method show the presence 
of a considerable amount of catalase, although we had previously found 
no appreciable catalase in nuclei prepared by our original procedure, pos¬ 
sibly because of lack of a refrigerated centrifuge. 

^®®W. R. Duryee, Arch, exptl. Zellforsch. Gewehezucht. 19, 171 (1937). 

'•* W. R. Duryee, Proc. Am. Sci. Congr. Sth Congr, 3, 45 (1940). 

R. Duryee, Cytology, Genetics, and Evolution. Univ. of Pennsylvania 
Press, Philadelphia, Pa. 1941, pp. 129-141. 

^®^ R. A. R. Gresson, Proc. Roy. Soc, Edinburgh 18, 32 (1932). 

‘••R. A. R. Gresson, Quart. J. Microscop. Sci. 78, 177 (1929). 

I. M. Bundling, /. Cellular and Comp. Physiol. 17, 133 (1941). 
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Before leaving the subject of special centrifugation techniques and microdissec- 
tion, mention should be made of the extensive work of Kite and Chambers in this 
field. Space does not permit a complete review of this important and funda¬ 
mental work. Cell membranes and nuclear membranes were found to be present in 
most cells studied (but polymorphonuclear leucocytes were said to have no definite 
cell membrane); the cytoplasm of many cells (but not all) appeared to be a highly 
viscous material (and in the case of pol 3 'morphonuclear leucocytes an actual jelly); 
and the nucleus was usually but not invariably in the form of a gel (the starfish nu¬ 
cleus was found to be an exception). The nucleolus and chromosomes also were gcl- 
like. The chromosomes were dense structures. The nuclei were very susceptible to 
injury, and pricking them with a dissecting needle would cause death of the cell. 
In binucleate macrophages, contrary to the results of Clark with arnoebas (previously 
cited**3) it was found that pricking of one nucleus caused a swelling of both nuclei and 
then death of the cell. The swollen nuclei then became granular. 

The technique of mierodissection will not be discussed. References will be found 
in the above mentioned articles. 

2. Microspkctkogkaphip Studies 

Much of the important work in this field has been done by Caspersson 
and collaborators*^^"^^' in studies of the nucleic acid and protein content of 
various cellular components, including the nucleus, nucleolus, and the 
cytoplasm. This work does not give direct information about localization 
of enzymes, but it permits certain tentative conclusions to be drawn about 
the type of enzyme activity going on in various parts of the cell. Space per¬ 
mits only very meager mention of the work here. The reader is referred to 
Click’s book on histo- and cytochemistry*^^ for details of the methods em¬ 
ployed and leferences to the work of other authors. 

The basis of Caspersson’s work is the spcctrographic analysis of portions of the 
microscopic image of a cell, especially in the ultraviolet range. A microscope using 
quartz lenses or a reflecting microscope must be employed. Since the absorption spec¬ 
trum of nucleic acid (both ribo- and desoxyribo-) shows a well clefinod maximum at 
approximately 260 mM with a very high absorption coefficient, it is i)os8ible with little 
difficulty to localize regions containing nucleic acid, although by absorption spec¬ 
troscopy alone it is not possible to distinguish ribo- from deso.xyribonucleic acid. 

It is also true that mono- and dinucleotides will interfere, but interference by these 

R. Chambers, tn General Cytology. Edited by E. V. Cowdry, IJniv. of Chicago 
Press, Chicago, 1924, p. 2.37. 

G. L. Kite, Am. J. Physiol. 32, 146 (1913). 

G. L. Kite, J. Infectious Diseases 16, 319 (1914). 

R. Chambers, Proc. Roy. Soc. London B109, 380 (1931). 

T. Caspersson, J. Roy. Microskop. Soc. 60, 8 (1940). 

‘’*T. Caspersson, Naturwissenschaften 3, 33 (1941). 

‘’•T. Caspersson and L. Santesson, Acta. Radiol. Suppl. 46, 1 (1942). 

Same as reference 

”»T. Caspersson, H. Landstron-Hyden, and L. Aquilonius, Chromosoma 2, 11 
(1941). 

T. Caspersson, Arch, exptl. Zellforsch. Geweheziicht. 22, 650 (1939-b). 

Caspersson, Chromosoma 6, 562 (1940). 

^•^T. Caspersson and B. Thorell, Chromosoma 2, 132 (1941). 
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substances can be avoided by washing them out from the fixed tissues. In any case 
the concentration of the nucleic acid is high enough so that the latter type of inter¬ 
ference usually will be negligible. 

Protein also can be localized, since proteins absorb in general from 270 to 290 m/i, 
owing to the tryosine and tryptophan contained therein. 

Caspersson claims to be able to distinguish ordinary albumin-globulin type pro¬ 
tein from histone, by proper analysis of his absorption curves, but this claim seems 
to have been erroneous.^**However it seems certain that regions of the cell which 
are high in protein can easily be localized. 

The absorption coefficient of nucleic acid is much higher than that of proteins, 
so that if a cell is photographed in ultraviolet light at or near 260 m^, the approxi¬ 
mate distribution of nucleic acid within the cell, particularl 3 '' within the nucleus can 
be seen in the photograph at a glance, as is well known. The banded structure of giant 
chromosomes of the salivary gland of diptera larvae is an example of this phenomenon. 

Since it is known from chemical studies that desoxyribonucleic acid is absent or 
:it least present only in thus far undetectably low concentration in cytoplasm, any 
region of high nucleic acid concentration observed microspectrographically in cyto¬ 
plasm (such as around the nucleus in some types of cells) can be taken i\s meaning a 
high concentration of ribonucleic acid. The situation is not so clear in nuclei how¬ 
ever, since it is known from chemical studies that both desoxyribo- and ribonucleic 
.'icid occur there. Even in isolated chromosomes both desoxyribo- and ribonucleic 
acids are found according to Mirsky. Hence in studying nuclei with microspectrog- 
raphy alone, the results must in general be reported as total nucleic acid. 

However, it is possible b.y treating the cell with crystalline ribonuclease to remove 
ribonucleic acid, and then to get the distribution of the remaining desoxyribonucleic 
acid. A recent article on the action of ribonuclease on fixed tissues has been published 
by Stowell and Zorzoli.^** In this way Brachet'*® and Caspersson and Schultz^** have 
demonstrated that in some cases the nucleolus contains a high concentration of ribo¬ 
nucleic acid but no desoxyribonucleic acid; but Davidson and Waymouth^” were 
unable to prevent staining of the nucleoli of liver cells with toludine blue by previous 
treatment with ribonuclease, although staining of cytoplasm was prevented by this 
procedure. This finding might be taken to indicate the presence of desoxyribonucleic 
acid in the nucleoli, but correct interpretation of the work seems difficult. 

It is possible in certain cases to estimate fairly well the total amount of a consti¬ 
tuent such as nucleic acid in a cell component, using microspectrography. For in¬ 
stance Caspersson**® found 11.2 X 10”*Mg- nucleic acid in the leptotene spermatocyte 
nucleus of the large grasshopper by the ultraviolet method. 

The principal conclusions of Caspersson and collaborators of interest to 
us are that the nucleolus is rich in ribose nucleotides at the same time that 
these substances are found to be high in concentration in cytoplasm. Fur¬ 
thermore nucleotides are said to be concentrated around the nuclear mem¬ 
brane in certain types of cells. From these findings it might be concluded 

*** A. W. Pollistcr and H. Ris, Cold Spring Harbor Symposia Quant. Biol. 12, 147 
(1947). 

“* A. E. Mirsky and A. W. Pollistcr, Trans. N. Y. Acad. Sci., Ser. II5, 187 (1943). 

R. E. Stowell and A. Zorzoli, Stain Technol. 22, 51 (1947). 

^** J. Bracket, Compt. rend. Soc. biol. 133, 88 (1940). 

**• T. Caspersson and J. Schultz, Proc. Natl. Acad. Sci. 26, 507 (1940). 

**^ J. N. Davidson and C. Waymouth, Proc. Roy. Soc. Edinburgh 62, 96 (1944). 

^^*T. Caspersson, Chromosoma, 1, 147 (1939). 
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that ribonucleic acid from the nucleus, and perhaps from the nucleolus, 
actually diffused out into the cytoplasm, although other interpretations are 
possible. In this connection one should consider the work of Duryee and 
others (previously cited) on nucleolar migration. Caspersson believes, as 
the result of work done by himself and his collaborators, that the cell nu¬ 
cleus is a very important site of protein synthesis, but it must be stated that 
he has in no wise proved this idea although he has made it seem plausible 
enough. Other evidence in favor of the idea that nucleic acid participates in 
protein synthesis will be found in an article by Greenstein on nucleo- 
proteins.'®® 

Another way of demonstrating localization of nucleic acid within the 
cell is to use a staining method that is more or less specific for nucleic acid, 
and then to use microphotometric methods to measure the stain. Stowell 
has, for example, adapted the Feulgen staining reaction for desoxyribo¬ 
nucleic acid to this type of procedure. References to his work will be found 
in Click’s book on histo- and cytochemistry.^^* Pollister and Ris'®* describe 
methods of this sort for the determination of nucleic acid and proteins 
within cells. This is not microspectrography in the strict sense of the word, 
but it is microphotometry, which is a very closely related technique. Such 
work can be of immense importance in investigating possible losses of ma¬ 
terial occurring when a cellular constituent is isolated by physicochemical 
procedures. For instance Pollister and Leuchtenberger^®^ demonstrated quite 
conclusively that the amount of protein relative to nucleic acid is much 
higher in the nucleus as it exists in the cell than it is in nuclei or chromo¬ 
somes isolated by aqueous procedures. This finding agrees with work car¬ 
ried out in the writer’s laboratory on nuclei obtained by a modified Behrens’ 
technique, where protein extraction cannot occur. 

V, Histochemical Procedures 
1. Enzyme Substrates and Minerals 
a. Staining Procedures 

It is possible in certain instances to localize high-molecular weight sub¬ 
stances that are not easily diffusable by treating fixed microscopic sections 
of a tissue with some specific or relatively specific color-producing reagent. 
A number of references to specific methods will be found in Click’s book^*® 
and in the review article by Dempsey and Wislocki.^®® 

One of the best illustrations of this type of procedure is the staining of desoxyribo> 
nucleic acid by the Feulgen reagent, which is simply Schiff’s aldehyde reagent made 
up in a standard manner suitable for tissue work. The desoxyribonucleic acid must be 
subjected to a partial hydrolysis (usually with IN HCl) before the reagent will func* 

J. R. Greenstein, Recent Advances in Protein Chem, 1, 209 (1944). 

i»o E, Dempsey and G. W. Wislocki, Physiol. Revs. 26, 1 (1946). 
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tion for desoxyribonucleic acid. For the details of the method, as well as other meth¬ 
ods for staining nondiffusable substrates in cells, the reader is referred to the book of 
Click, already cited. 

There has been some disagreement as to the specificity of the Feulgen reagent for 
desoxyribonucleic acid, but apparently if the acetyl phospholipides are removed by 
extraction with fat solvents, the reagent does localize desoxyribonucleic acid quite 
well. In agreement with chemical studies on isolated cell components, the Feulgen 
staining technique shows that desoxyribonucleic acid is present in appreciable 
amounts only in the cell nucleus. Furthermore, if the stain is used on isolated chromo¬ 
somes, a banded staining is obtained*^* indicating a banded concentration distribu¬ 
tion of desoxyribonucleic acid, as has been inferred from microspectrographic studies. 

The Feulgen staining reaction is probably optimal when the purine bases have been 
split off from the nucleic acid molecule, leaving two free pentose aldehyde groups per 
each two pyrimidine residues left unhydrolized, according to Di Stefano.^®* Under 
optimal conditions, measurement of the amount of fuchsin dye in a cell nucleus by 
microcolorimetry can lead to a computation of the amount of desoxyribonucleic acid 
contained therein. For cartilage cell nuclei, according to Di Stefano, the value thus 
computed comes out to be approximately 2.44 X 10~® per nucleus. By macro 
methods and counting, as applied to isolated cell nuclei, Vendrely and Vendrely^®* 
found about 5 X 10“® to 6 X 10“®Mg- of desoxyribonucleic acid per cell nucleus in the 
case of liver, as already stated. Pollister and Ris report**® from microphotometric 
studies with staining procedures that calf thymus lymphocytes contain 1.0 X ICU® /xg- 
of nucleic acid per nucleus. Caspersson**® reported that he found 11.2 X 10~® micro¬ 
grams of nucleic acid per nucleus of large grasshopper spermatocyte nuclei, using ultra¬ 
violet microabsorption spctroscopy. 

In general, it can be stated that the results of nucleic distribution and the amounts 
present in cells and cell nuclei acid as determined by microphotometric methods are 
in fairly good agreement w'ith the results of chemical w'ork on a macro scale coupled 
with counting, and with microspectrographic methods. 

SchifT’s reagent also has been used to localize glycogen within the cell, 
after treating the sections with chromic acid. In this case salivary amylase 
can be used to remove the glycogen so that a control section can be made 
which does not possess glycogen. 

The distribution of glycogen within the cell is of some interest. Methods 
for localizing this substance will be found in Glick^s book. It was found 
by Chipps and Duff^®^ using Best’s carmine stain, that glycogen appears 
in the nuclei of liver cells in uncontrolled diabetes, and in some other patho¬ 
logical conditions, whereas it is normally absent from the nucleus. We also 
have found glycogen to be absent in nuclei isolated from cells of normal rat 
liver, although glycogen was always present in our homogenates. It seems 
possible that the presence of glycogen in the nucleus in diabetes may be a 
reflection of the abnormally high concentration of glucose which is pre¬ 
sumably present in the liver cell. We have found some phosphorylase (Cori 
enzyme) in nuclei isolated from normal rat liver cells and hence it seems 

H. S. Di Stefano, Proc. Natl Acad, Sci, 34, 75 (1948). 

R. Vendrely and C. Vendrely, Experientia 4, 436 (1948). 

^»»M. D. Chipps and G. L. Duff, Am, J, Path. 18, 645 (1942). 
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reasonable to assume that nuclei could form glycogen if sufficient substrate 
for the synthesis (Cori ester) could be accumulated there. 

Histochemical procedures for localizing other cellular constituents will be found 
ill Glide’s book, but most of these seem to be of somewhat doubtful significance. 
Lipide can be localized by the use of Sudan dyes. 

6. Microindneration 

Microincineration is a technique which makes it possible to burn off the organic 
matter of a tissue section without causing appreciable change in localization of the 
nonvolatile elements, and then to analyze chemically or spectroscopically for various 
elements remaining in the ash. Also the variation in the total amount of ash present 
in various parts of the section can be studied by means of dark-field illumination. 
The method of microincineration coupled with dark-field illumination, or micro¬ 
spectroscopy, appears to be better adapted to a determination of the distribution of 
certain elements among whole groups of cells rather than among the various com¬ 
ponents of a single cell. The reader is referred to Click’s book on histo- and cyto¬ 
chemistry for a brief description of the method and references to the literature on 
this subject. 

A different procedure for locating certain metals, namely calcium plus magnesium, 
in different parts of a tissue or even of a single cell is the method of emmission electron 
microscopy. Frozen sections of the tissue in question are dehydrated at —63°C. and 
are then imbedded in paraffin and placed on a polished, chemically treated nickel 
cathode that is part of a low power electron microscope. The pressure is reduced to a 
very low value and the cathode is heated slowly until it finally attains a temperature 
in the neighborhood of 7(K>-800®C. This results in an incineration of the section. An 
accelerating voltage is then applied to draw off electrons from the cathode. Electrons 
are emitted as the result of some sort of catalytic action wherever the concentration 
of calcium plus magnesium is high in the incinerated section. These electrons are 
focused to form an image on a fluorescent screen or on a photographic plate. The 
image thus corresponds to the distribution of calcium plus magnesium in the cell. 
The reader is referred to Click’s book and to an article by G. H. Scott^»* for details 
and references. 

A number of photographs are published in the article referred to by Scott. These 
pictures show that the amount of calcium plus magnesium is generally high in the cell 
nucleus, the cell membrane, the anisotropic disks of muscle, the zymogen granules of 
pancreas, and in certain definite locations in some epithelial cells. Microincineration 
studies made in conjunction with emission election microscope studies show that 
potassium salts and perhaps other salts must be high in concentration in parts of the 
cell where the concentration of calcium plus magnesium is low. In young cells (em¬ 
bryonic) or tumor cells, the cytoplasmic calcium plus magnesium seems to be lower 
than in fully differentiated cells. Other re.sult8 are given in Scott’s article. 

c. Radioautography 

This procedure consists in placing a section of tissue containing some radioactive 
material on a fine-grained photographic film or plate in the dark, and then, after a 
suitable time interval, developing the film and enlarging the image produced by the 
action of radioactive material. References to uses of the method will be found in 


G. H. Scott, Biol. Symposia 10, 277 (1948). 
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Glick’s book. It is possible to localize a radioactive material in a group of cells very 
nicely, but it is difficult to obtain images corresponding to various components of a 
single cell, since the radioactive particles tend to affect the photographic plate at a 
distance from the emission point. This can be seen at a glance from photographs pub¬ 
lished by Boyd and collaborators.'®® Glycine was the radioactive material and the 
radioactive element contained therein. Radioautographs were taken of erythrocytes, 
polymorphonuclear cells, and lymphocytes. Grains of silver caused by exposure to 
the radiation from C** are seen around the periphery of the cells. It is thus impossible 
to locate accurately the source of the radioactive particle within the cell. 

Radioautography, or autoradiography as it is now often called, is a useful means 
of determining what cells accumulate a metal in cases of exposure of an animal to 
the given metal by some route. This procedure was used considerably during the war 
to locate the deposition sites of uranium, plutonium, etc. Frozen sections can be 
used in many instances. Some caution must be observed in using the method, since 
nonradioactive chemicals in the sections may also reduce the silver bromide to me¬ 
tallic silver if the section is applied to the emulsion directly (Boyd, G. A., private 
communication). 

A very interesting recent example of the application of radioautography to investiga¬ 
tion of a problem in metabolism is furnished by the work of LeBlond and coworkers.'®® 
These investigators wished to study the uptake of radioactive phosphorous from 
inorganic phosphate by the desoxyribonucleic acid of various tissues. Sections were 
prepared in the usual manner by fixing, dehydrating, imbedding in paraffin, and cut¬ 
ting. The paraffin was dissolved out after the sections were placed on the slides. This 
procedure was calculated to remove practically all of the phosphate-containing com¬ 
pounds except desoxyribonucleic acid and ribonucleic acid. It should be noted how¬ 
ever that phosphoprotein, if such material exists in cells in appreciable quantities, 
would not be removed. 

In order to remove ribonucleic acid, the sections were treated with ribonuclease 
until the cytoplasm no longer was basophilic to the dye pyronine. Residual phosphate 
was assumed to be present chiefly or exclusively in desoxyribonucleic acid. 

Autographs were made by coating the sections with photographic emulsion (a 
new process for which references are given by the authors). Development of the 
emulsions after exposure for 24 hours showed radioactivity in many tissues, and it 
was showm by the authors that all of these tissues possessed dividing cells. Positive 
results were obtained in some cases after exposures of only 2 hours. It was stated that 
an autograph reaction was observed overlying the positions of the nuclei of the epi¬ 
thelial cells in the lower part of the villi of the small intestine. In contrast, parenchy¬ 
matous organs such as pancreas, thyroid, etc. showed no radioactivity and hence 
presumably had not incorporated P” into their desoxyribonucleic acid. 

If treatment of the sections with ribonuclease was omitted, the autographs were 
assumed to show the location of ribonucleic acid as well as desocyribonucleic acid. 
In this way large amounts of newly formed ribonucleic acid were located in the liver, 
kidne 3 »^, adrenal cortex, and many epithelia. Strangely, however, none was 
thus localized in the pancreas, salivary glands, and thyroid. 

This work is in good agreement with the previously discussed findings of Brues, 
Tracy, and Cohn, and Marshak, who made use of isolated nuclei in their studies. It 
seems likelj^ therefore, to be reliable on the whole and to be worth extending in 
the future. 


*®® G. A. Boyd, G. W. Casarett, K. I. Altman, T. R. Noonan, and K. Solomon, 
(Science 108, 529 (1948). 

C. P. LeBlond, C. E. Stevens, and R. Bogoroch, Science 108, 531 (1948). 
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2. Methods of Enzymatic Histochemistry 

A number of enzymes have been localized in cells by histochemical 
staining procedures. Again, details of the methods used will be found in 
Click’s new book on histo- and cytochemistry. 

a. Alkaline Phosphatase 

One of the best known and most reliable of these methods is the method 
of Gomori for localizing alkaline and acid phosphatase. Briefly, the pro¬ 
cedure consists of making a microscopic section of tissue by fixing in acetone, 
replacing the acetone by xylene, imbedding in paraffin at a temperature 
not over 56°C., and cutting into sections 4 to 8 m in thickness. The sections 
are placed on slides and the paraffin is removed with xylene. 
Then the sections are passed through alcohol of graded concentrations 
to water and are incubated for 1 to 24 hours as needed with substrate. The 
latter consists of 2% sodium glyceryl phosphate in an appropriate buffer. 
Calcium chloride or lead nitrate also is present to precipitate phosphate 
in situ as fast as it is formed. Usually sodium barbital is used as buffer 
for alkaline phosphatase (pH 9.4) and acetate buffer for ordinary acid 
phosphatase (pH 4.7). 

In the case of alkaline phosphatase, the calcium chloride is used to pre¬ 
cipitate the liberated phosphate. The calcium phosphate thus formed is 
changed to cobaltous phosphate, after rinsing out the buffer substrate with 
water, by adding cobaltous acetate or some other cobaltous salt. The excess 
soluble cobaltous salt is washed out with water and the cobaltous phosphate 
is changed to black cobaltous sulfide by treatment of the section with am¬ 
monium sulfide. This black precipitate is well localized and permits one to 
determine microscopically where phosphate has been liberated from the 
substrate within a cell, or which type of cells in a tissue have liberated the 
greatest amount of inorganic phosphate. 

The writer has had no personal experience with the method, but has ex¬ 
amined a number of slides and photographs of intestinal epithelium, kid¬ 
ney, and nervous tissue prepared by Drs. Emmel, Smith, and Kochakian 
of the University of Rochester, showing beautiful localizations of the lib¬ 
erated phosphate. A photograph showing the distribution of alkaline phos¬ 
phatase in cells of intestinal epithelium is given in Fig. 6. 

In general, the alkaline phosphatase as determined by Gomori’s method 
is found to be highly concentrated in the brush border of the tubular epi¬ 
thelium of the proximal convoluted tubules of mammallian kidney. It is 
present also in high concentration in the border of intestinal epithelial 
cells and in the region of the Golgi apparatus of these cells.^®^' Alkaline 
phosphatase is also present in the cytoplasm and nuclei of liver 

V. Emmel, Anat. Record 91, 39 (1946). 

V. Emmel, Anat, Record 96, 169 (1946). 
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cells, neurons, and a number of other types of cells. It can even be localized 
in chromosomes and nucleoli. In addition, it sometimes is visualized as a 
heavy perinuclear ring. 

The cell nucleus is apt to show a more intense staining than the cyto¬ 
plasm. This is true for instance of liver cells of the rat, and often of neurons 
of the central nervous system. The results of Gomori’s method agree with 
our own work on alkaline phosphatase concentration in the nuclei of rat 
liver cells. Alkaline phosphatase seems to be present in the mitochondria 
of kidney cells. Emmel has histochemical evidence to indicate that the 
alkaline phosphatase of kidney may differ from that of intestine.^®®’ 
This work has been disputed by Gomori,^*^ but nevertheless seems sound 
to this writer. If the work turns out to be correct, as seems probable, it 



Fig. 6 . Alkaline phosphatase in duodenal epithelium of the hamster, showing con¬ 
centration of the enzyme in the cuticular border, region of the Golgi apparatus, and 
nuclei. The section was prepared by fixation, paraffin embedding, and Gomori phos¬ 
phatase staining, without counter-staining. (Courtesy of Dr. V. Emmel, University 
of Rochester.) 


means that a histochemical comparison of the amounts of alkaline phos¬ 
phatase in different cells of the same animal could be misleading, owing to 
possible differences in sensitivities of the different enzymes to the fixation. 
Hence supporting chemical work would be desirable. The possibility also 
exists that the so-called “alkaline phosphatase,^^ which may consist of more 
than one phosphomonoesterase, may differ in sensitivity to fixation from 
species to species. 

Kochakian has made a study of the effect of hormone treatment on the 
amount of certain enzymes in kidney and liver. In two of his papers, the 
Gomori technique for alkaline phosphatase is used in investigating this 
problem 

V. Emmel, Anal, Record, 96, 423 (1946). 

G. Gomori, Proc. Soc. Exptl. Biol. Med. 70, 7 (1949). 

V. N. Vail and C. D. Kochakian, Am. J. Physiol 160 (No. 4), 580 (1947). 

C. D. Kochakian, Am. J. Physiol. 162, (No. 2) 257 (1948). 
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In connection with the Gomori histochemical method for phosphatase, 
an interesting discussion of lack of rigor in cytochemical work is given by 
Danielli.^®^ Most or all of the criticisms raised by Dr. Danielli are logically 
very sound, but often the specific objections which are raised against a 
procedure to demonstrate lack of rigorous proof of its validity are im¬ 
probable, and in one or two instances are now known to be untrue. This 
article is answered by Baker^®^ and a reply is given by Danielli in an article 
immediately following. It is unfortunately true that most work in cyto¬ 
chemistry consists only in the gradual accumulation of evidence, often quite 
fragmentary, which finally becomes strong enough so that certain conclu¬ 
sions can be safely drawn. It is also true that biologists often do not feel 
qualified to support their histochemical procedures with careful kinetic 
studies using homogenates, and on the other hand that chemists are apt to 
proceed in ignorance of well established cytological information. Neverthe¬ 
less so many biologists and chemists are now interested in this field that the 
mistakes of one worker or group of workers are likely to be discovered and 
pointed out by someone in reasonably short time. Moreover, the whole 
preliminary survey in cytochemistry work would quickly come to a halt 
if each method at the outset had to be set on completely logical ground. 
Very little work in biochemistry seems to be rigorously proved; usually 
evidence gradually accumulates which finally establishes a discovery quite 
thoroughly or which shows it in all probability to be false. 

Danielli^®® later made a critical study of the alkaline phosphatase method 
of Gomori with the intent of answering critical questions raised by him 
relative to the validity of the method. He was able to show how much de¬ 
struction of enzyme occurred during preparation of the sections, and that 
the destruction was fairly uniform in different cytological sites. By using 
phenolphthalein phosphate as a substrate and also by forming diazonium 
salts m situ of the phenol liberated from disodium phenol phosphate, he 
showed that the cytological sites of enzyme activity were the same in both 
cases as those obtained using the Gomori technique. There is no doubt that 
his work greatly strengthens the validity of the results obtained with the 
Gomori method. In spite of this, Danielli has only adduced additional evi¬ 
dence and has not proved his point in the sense of proving a mathematical 
proposition. 


b. Acid Phosphatase 

The histochemical procedure is less satisfactory for this enzyme than for 
alkaline phosphatase, but fair results have been obtained. The enzyme 
appears to be generally present in both cytoplasm and nuclei, and in some 

J. F. Danielli, Nature 147, (1946). 

J. R. Baker and F. K. Sanders, Nature 168, 129 (1946). 

J. F. Danielli, J. Exptl. Biol. 22, 110 (1946). 
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instances can be found in higher concentration in the nuclei than in the 
cytoplasm.2®® Acid phosphatase as well as alkaline phosphatase seem to be 
partly located in large cell granules in many instances, according to Moog 
and other authors.^o^ 

It should be remembered that enzyme stability may differ among animal 
species, so that the fixation process might damage acid phosphatase in one 
species more than in another. Moreover, if not all acid phosphatases are 
identical, as seems likely, they may differ in sensitivity in various cell types 
within a given species or within a given animal for that matter. Thus a com¬ 
parison of acid phosphates among different cell types and among different 
animals by the histochemical method could be somewhat misleading without 
a considerable amount of supporting chemical evidence. 

References to an interesting new application of the histochemical method 
for acid phosphatase can be found in an article by Smith.^*^* It is apparently 
possible to localize acid phosphatase in nervous tissue even after formalin 
fixation, and the method constitutes an excellent way to visualize nerve 
cells and fibers. More important, however, is the change in acid phosphatase 
within a neuron after sectioning of the axon. The acid phosphatase gradu¬ 
ally increases in amount, concomitant with the resulting chromatolysis, to 
a point where cells whose axons have been sectioned at a distance can easily 
be located among cells with undamaged axons. This constitutes a new and 
powerful means to trace fiber pathways and localize neurons corresponding 
to given fibers. A photograph showing this phenomenon is given in Fig. 7. 

It still seems to be a matter of some dispute as to whether specific phos¬ 
phatases occur in cells other than the alkaline phosphatase already de¬ 
scribed and two or three acid phosphatases. Gomori^®® finds no essential 
differences in distribution of phosphatase activity among a number of sub¬ 
strates at pH 5, 7, and 9 in testing a number of human and guinea pig 
tissues, and hence concludes that a number of specific phosphatases do not 
exist. I'his work is contrary to the results of Dempsey^®® and to that of 
Rabat and coworkers.^^® Apparently it will be necessary to carry out careful 
chemical investigations using homogenates and purified enzymes before 
this question can be settled with certainty. The inability to study kinetics 
by the histochemical procedure as well as the generally damaging effects of 
fixation render the histochemical technique unsuitable by itself for deter¬ 
mining with certainty whether a very few or a relatively large number of 
specific phosphatases exist, in the opinion of this writer. 

It is utterly impossible in this limited chapter to cover the relatively 
enormous literature on histochemical determinations of phosphatases within 

G. Gomori, Arch. Path. 32, 189 (1941). 

207 F Moog and H, B. Steinbach, J. Cellular Comp. Physiol. 28, 209 (1946). 

208 W. K. Smith, Anat. Record 102, No. 4, 523 (1948). 

200 E. W. Dempsey, Am. J. Anat. 80, 1 (1947). 

210 Newman, I. Feigin, A. Wolf, and E. A. Rabat, Federation Proc, 8 , 232 (1949). 
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cells and tissues. It is therefore to be hoped that the mentioning of a few 
papers on the subject will not cause great annoyance to those whose papers 
have not been included. 



Fig. 7. Acid phosphatase in neurons, showing localization in perinuclear region 
and region of origin of axon in normal cell, and intense reaction in entire cell whose 
axon has been cut. (Courtesy of Dr. W. K. Smith, AnaL Record^ 102, 523, 1948.) 


c. Phosphoamtdase 

This enzyme was demonstrated histochemically by Gomori.*^^ The sub¬ 
strate was p-chloranilidophosphoric acid, 
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which was used in acetate buffer at pH 5.4 to 5.8 with Pb(N 03)2 added to 
fix the liberated phosphate, and with MnCU added to activate the enzyme. 

The results were somewhat erratic but in good sections the enzyme was 
found to be present in liver, kidney tubules, and small intestine, as well as 
in other tissues. Usually the enzyme was mainly present in cytoplasm but 
in some cells also it was also present in the cell nuclei. 

G. Gomori, Froc, Soc. Exptl. Biol. Med. 69, 407 (1948). 
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, d. Aldolase 

Aldolase was determined histochemically by Allen and Boume*“ who 
utilized the Gomori technique for localizing phosphate liberated from triose 
phosphate by treatment with alkali. The phosphate was first precipitated 
in situ with magnesia mixture. Fluoride was added to block alkaline phos¬ 
phatase and iodoacetate was added to prevent further enzymatic breakdown 
of the triose phosphates. The pH of the determination was not stated, but 
calculations based on the ammonium chloride buffer used indicate that it 
may have been in the neighborhood of 9.5. It was stated that fluoride was 
finally found not to be needed, since alkaline phosphatase activity was not 
encountered under the conditions of the experiment. This latter finding 
seems somewhat strange. 

The method was stated not to be entirely satisfactory since a dark pre¬ 
cipitate formed on the outside of some of the sections, for unknown reasons. 

Using this technique, aldolase was found in heart and striated muscle 
and was also found in liver and kidney. Lung however gave very little re¬ 
action. No marked intracellular segregation of the enzyme could be dis¬ 
covered; instead, it appeared to be diffusely distributed and to be present 
in both nuclei and cytoplasm. 

It is difficult to evaluate this work until more papers on the subject have 
appeared. The purity of the substrate might have some effect on the results. 

e. Choline Esterase 

Gomori has devised a method for the histochemical demonstration of 
choline esterase.^^® A choline ester of a higher fatty acid such as myristoyl 
choline was used as a substrate, in the presence of a mixed buffer system 
consisting of maleic acid and tris(hydroxymethyl)aminomethane buffer. 
Cobaltous acetate was used to precipitate the liberated fatty acid, and the 
cobalt in the precipitate was then converted to sulfide by the addition of 
ammonium sulfide as in the Gomori technique for alkaline phosphatase. A 
small amount of CaCU, MgCh, and MnCU was added since the reaction 
was thereby improved for some reason. 

The interpretation of results seems unclear, since a highly purified en¬ 
zyme from the electric eel failed to hydrolyze the higher choline esters useful 
in the histochemical procedure. Nevertheless the hydrolysis of the higher 
esters by crude tissues was inhibited by prostigmine, a specific inhibitor of 
choline esterase. 

As determined by the histochemical procedure, choline esterase was pres¬ 
ent in the sympathetic nervous system of most species. It was often localized 
in cell nuclei and sometimes in fibers. Satellite cells of the sympathetic 
ganglia showed intense staining of nuclei using lauroyl choline as substrate, 

»» R. J. L. Allen and G. J. Bourne, /. Exptl. Biol. 20.61 (1943). 

Q. Gomori, Pros. Soe. Exptl. Biol, Med, 68. 264 (1948). 
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whereas palmitoyl choline caused no staining of the satellite cells but did 
cause intense staining of nerve fibers. Rat and guinea pig tissues \vere too 
low in enzyme activity to give clear-cut results, whereas dog and mouse 
tissues gave much more intense and clear-cut pictures. This may well be 
the result of differences in sensitivity of the enzymes of various species to 
the fixation and the dehydration procedure, which involves the use of 
acetone, alcohol, collodion, paraffin, chloroform, and xylene. 

It is of interest to the writer that this method shows the presence of 
enzyme in the cell nuclei. It might be asked whether enzymes in the nucleus 
are better protected against the action of the fixative etc. than enzymes in 
the cytoplasm. It seems to be too early to evaluate this work fully. 

/. Lipase 

GomorP^^' also has devised a histochemical technique for the deter¬ 
mination of lipase, in which ‘'tween 40'' or “tween CO" is used as substrate. 
These are palmityl and stearyl esters respectively of hexitols in which most 
of the hydroxyl groups are estcrified, leaving the substrates still water- 
soluble however. Maleate buffer of pH 7.4 was used and CaCla was added 
to precipitate calcium salts of the liberated fatty acids. The calcium salts 
were later converted to lead salts with Pb(N 03 ) 2 and the lead was converted 
to sulfide with ammonium sulfide as usual. Acetone fixation and dehydra¬ 
tion was employed followed by treating of the tissue with benzene, and im¬ 
bedding in paraffin prior to sectioning. The paraffin was subsequently re¬ 
moved with xylene, and graded concentrations of alcohol were then used 
to return the section gradually to water solution. 

Lipase could be found in dog and rat liver, pancreas, lung, kidney, and 
other tissues. In the pancreas the site of the enzyme was the zymogen 
granules; the islets of Langerhans were negative. The enzyme was present 
in the coarse granules of rabbit liver cells. Considerable work was done on 
the distribution of lipase in the intestinal tract, where it was found in the 
zymogenic cells of the fundus of human stomach, and in the atrial and 
pyloric regions as well. The enzyme was present in the deep layers of the 
esophagus, and the salivary glands as well as in the duodenum and the rest 
of the small intestine. 

Apparently this histochemical method for lipase is not well adapted at 
its present stage of development to an exactly study of the fine distribution 
of enzyme within a single cell, or at least is not as reliable as the alkaline 
phosphatase method. It was not stated in the papers of Gomori and was not 
clear from the photographs in most cases exactly how the enzyme was dis¬ 
tributed intracellularly. For instance, it was apparently not determined 
whether it was present or absent from the nucleus. 

Gomori, Proc. Soc, Exptl. BioL Med. 68, 362 (1945). 

«‘G. Gomori, Arch. Path. 41, 212 (1940). 
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In using a high molecular substrate such as the one employed, the ques¬ 
tion of its penetration tq all parts of the cell undoubtedly should be given 
careful consideration. 

A slightly improved technique for the histochemical determination of 
lipase is given by Gomori.*^® 


g. Dopa Oxidase 

This enzyme apparently can be demonstrated histochemically, by ob¬ 
serving the formation of a dark deposit upon incubating the tissue with 
1-dihydroxyphenylalanine at pH 7.4. References will be found in Glick's 
book. However, the formation of melanin apparently can be induced with¬ 
out the addition of the substrate in cells known to contain small amounts of 
melanin, and attacks have been made on the specificity of the histochemical 
oxidase reaction on the grounds that insufficient controls have been carried 
out.^^^ Apparently this is another example of an attempt to elucidate a 
confusing situation by the use of a histochemical procedure not supple¬ 
mented with careful kinetic studies using homogenates. 

It has been stated by proponents of the dopa oxidase reaction that the 
enzyme is absolutely specific for l-3, 4-dihydroxy phenylalanine. 

In photographs of cells stained by the dopa oxidase reaction, nuclei as 
well as cytoplasm appear to be stained, and a somewhat granular appear¬ 
ance can be noted if the staining is not too heavy. 2 ^®' 

In addition to melanoblasts, myeloidal leucocytes are stated to give an 
intense histochemical reaction owing to the presence of the nonspecific 
polyphenol oxidase. 

General references to dopa oxidase can be found in Greenstein’s book on 
the Biochemistry of Cancer, and in Chemistry and Methods of EnzymeSy by 
Sumner and Somers. A recent paper denies the existence of a specific dopa 
oxidase; the alledged dopa oxidase is stated to be in reality L-tyrosinase.-^® 

h. Peroxidase 

Peroxidase, which occurs in high concentration in white cells of the 
myeloidal variety, can be localized by histochemical procedures, but ac¬ 
cording to Glick, diffusibility of products may interfere with proper 
localization of the enzyme within the cell, and hence this enzyme will not 
be considered further. 

««G. Gomori, Am, J, Clin. Path. 16. 347 (1946). 

H. Sharlit, W. Sachs, C. F. Sims, and B. H. Salzer, Arch. Dermatol. Syphilol. 
46, 103 (1942). 

G. R. Laidlaw and S. N. Balkberg, Am. J. Path. 8, 477 (1932). 

**• G. R. Laidlaw, Anat. Record 53. 399 (1932). 

A. R. Lerner, T. B. Fitzpatrick, E. Calkins, and W. H. Sununerson, J. Biol. 
Chem. 178, 186 (1949). 
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t. Cytochrome Oxidase and Succinic Dehydrogenase 

The same statements just made about peroxidase apply to histochemical 
tests for cytochrome oxidase and succinic dehydrogenase. The reader is 
referred to Click’s book**® for references to histochemical work with these 
enzymes. 


j. Glyeuronidase 

Glycuronidase has recently been studied by Friedenwald and Becker*®* 
using an histochemical procedure. Two substrates were employed. One of 
these was prepared by diazotizing o-aminophenyl glucuronide and coupling 
the resulting diazonium salt with /9-naphthol. The glucuronide of the red 
dye thus produced was sufficiently water soluble to serve as a substrate for 
glucuronidase, in acetate buffer at pH 5.0. The action of the enzyme caused 
liberation of the red dye which is insoluble in water and immediately pre¬ 
cipitates at the site of the enzyme reaction. 

The other substrate was the glucuronide of 8-hydroxyquinoline in acetate 
buffer at pH 5.0. The liberated 8-hydroxyquinoline is precipitated as the 
black ferric salt as rapidly as it is formed, as the result of incorporating 
FeClj in the substrate mixture. The excess Fe+++ was removed with oxalate 
and the remaining ferric salt of 8-hydroxyquinoline was decomposed with 
K 4 Fe(CN)*, resulting in the formation of Prussian blue which is insoluble 
in alcohol and is not washed out during dehydration of the sections. Unfixed 
frozen sections were used with both substrates. 

Glucuronidase activity was found to be the same with both substrates. 
The enzyme is present in kidney tubular cells, while the glomeruli are prac¬ 
tically inactive. Hepatic parenchymal cells contain the enzyme. It is also 
present in the spleen and lymphatic nodules; it is scattered in lung paren¬ 
chyma, and concentrated in bronchial mucosa. It is found in Brunner’s 
glands of the duodenum and in the mucosa of the colon and ileum; it is 
also present in uterine endometrium and in seminal vesicles and epididymis. 

The enzyme appeared to be present in the cell cytoplasm rather than in 
the nucleus. In this connection one might wonder whether the substrate 
was able to penetrate the nucleus. 

This work on glycuronidase is very interesting and furnishes an excellent 
illustration of how a cytochemical method can be employed to ascertain the 
distribution of an enzyme among various cell types. The method may not 
be so well suited to studying the distribution of the enzsme within a cell, 
however, since unfixed frozen sections are used which make it difficult to 
obtain fine details of cell structure, and since the penetration of the sub¬ 
strates to all parts of the cell might possibly be in question. 


*** J. Friedenwald and B. Becker, J. Cellular Comp. Physiol., SI, 303-0 (1948). 
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k. lAnderstr^m-Lang Technique of Histochemistry 

An elegant type of procedure for determining the distribution of an enzyme 
among various cell types within a tissue or organ has been developed by 
Linder8tr0m-Lang and collaborators. A summary of this sort of work 
written by Linderstr0m-Lang will be found in the Harvey Lectures for 
1939.“* Also, a recent review of Gersh*** should be consulted, as well as the 
chapter by Blaschko and Jacobson in Cytology and Cell Physiology, edited 
by Bourne*. A discussion of the microchemical procedures which are 
involved is also given in Bamann and Myrback, Die Methoden der Ferment- 
forschung, in the chapter by K. Linderstr0m-Lang and H. Holter,*** as 
already has been stated. 

Details of the method and results will not be given here. The procedure 
is to plot the amount of enzyme in serial histological sections against the 
number of cells of a given type in the same or in alternate or adjacent sec¬ 
tions, in passing from one side of the tissue block to the other. In order to 
measure the enzyme in the section, special micromethods must be used 
owing to the smallness of the amount of material available. The localization 
of pepsin in the chief cells of the gastric mucosa is a classical example of the 
application of the technique. 

Another interesting example of Linderstr0m-Lang histochemical pro¬ 
cedure is the purported localization by Weil and Ely*** of arginase in the 
cells of the proximal convoluted tubules of the kidney. The microtitrimetric 
method for determining the enzyme was originally developed by Linder- 
str0m-Lang and coworkers.*** 

In this work, the section of saline-perfused kidney partly frozen at — 5°C. 
was bored out with a small cork borer, and the plug of tissue thus obtained 
was then sectioned, using a freezing microtome. Enzyme determinations 
were carried out on the sections. 

A cylinder of tissue immediately surrounding the hole left by the first 
boring was then bored out using a slightly larger cork borer and boring 
concentrically to the hole already present. This cylinder is fixed, de¬ 
hydrated, imbedded, and stained in the usual manner preparatory to histo¬ 
logical observation. The assumption is then made that counting the cells 
of a given type in sections of the cylinder will yield numbers which are 
proportional to the numbers of cells of the same type in adjacent sections in 
the plug. In this way, numbers of cells of a given type can be plotted against 
distance through the plug, and hence can be correlated with enzyme ac- 

K. Linderstr^m-Lang, Harvey Lectures 34, 214 (1938-1939). 

“• I. Gersh, Physiol. Revs. 21, 242 (1941). 

••* L. Weil and J. 0. Ely, J. Biol. Chem. 112, 565 (1936). 

*** K. Linder8tr0ni-Lang and H. Holter, Comples rend. lab. Carlsb&g, Ser. chim. 
21 (No. 2), 1 (1935). 
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tivity as distance through the plug is increased. Various corrections have to 
be made however, owing to the shrinkage of the tissue cylinder during 
fixation. 

Weil and Ely claim to have localized arginase in this manner in the cells 
of the proximal convoluted tubules of the kidney of the rabbit. However, 
their correlation curves do not appear to this writer to establish their claim 
with absolute certainty, since for example the cells of distal convoluted 
tubules seem to show a reasonably good correlation with arginase activity 
except at the verj'' beginning of the curve. It would seem that a more precise 
histological method would be required to be certain that arginase is not also 
present in the distal convoluted tubules. This impression is strengthened 
by the results of work being carried out in our laboratory by Mrs. Helen 
Conrad on cytochrome oxidase distribution in the kidney (unpublished). 

It should be noted that in cases where alternate sections of tissue can 
be studied, owing to the ability of the tissue to withstand use of the freezing 
microtome histologically as well as chemically, much more accurate results 
probably can be obtained. This sort of w'ork can be done with gastric 
mucosa, for instance. 

Weil and Jennings-^® have also investigated cathepsin, aminopolypep- 
tidase, dipeptidase, esterase, and amylase in rabbit kidney, and have 
showed that catheptic, aminopolypeptidase, and esterase activities can be 
demonstrated in all structural elements of the kidney. However, the 
cells of the proximal tubules appear to be more active than the cells of 
Henle’s loop and the latter are more active than the cells of the collecting 
tubules, in respect to these three enzymes. 

The distribution of dipeptidase was found to be the same except that this 
enzyme was absent in cells of the collecting tubules. Amylase was said to 
be associated with the cells of the proximal and distal convoluted tubules 
and with cells of the collecting tubules, but was absent from cells of the 
loop of Henle. 

Still another method for investigating the distribution of enzymes among 
various types of cells within a tissue is to separate the cell types by methods 
somewhat similar to those used for isolating cell nuclei. An example of such 
a procedure is the separation of epithelial from stromal cells of the choroid 
plexus.^^ The tissue cells can be separated by agitating the tissue in satu¬ 
rated sodium sulfate solution at 38°C. and decanting the suspended epi¬ 
thelial cells. This process must be repeated a number of times to effect a 
good separation. 

If media other than saturated sodium sulfate solution, such as physiologi¬ 
cal saline for instance, are used in separating the different cell types, some 

L. Weil and R. K. Jennings, /. Biol, Chem, 139, 421 (1941). 

J. S. Friedenwald, H. Herrmann, andR. Buka, Bull, Johns Hopkins Hosp, 70 
(No. 1), 14 (1942). 
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enzymes are rapidly extracted from the cells and are thus lost by passing 
into the solution, so that subsequent enzyme analyses may be invalidated. 

Using saturated sodium sulfate for separation of the two cell types, it 
was found that the cytochrome oxidase-succinic dehydrogenase-fumarase 
system is located almost entirely in the epithelial cells of the choroid plexus, 
whereas the activities of lactic and malic dehydrogenases is greater per cell 
in the stroma than in the epithelium. 

It is claimed that this work is in agreement with predications of the 
redox potentials of the two types of cells made by using oxidation-reduction 
dye indicators. It is considered possible that the difference in redox po¬ 
tential between the epithelium and stroma may constitute a source of 
energy for secretion of the cerebrospinal fluid by the choroid plexuses. 

The distribution of choline esterase in the choroid plexus and also in 
the ciliary body of the eye have been studied by Herrmann and Frieden- 
wald.22® Epithelial cells were removed from stroma as described above, but 
the separation was more difficult and less clean-cut in the case of 
the ciliary body. 

Choroid plexus and ciliary body (beef and pig) showed moderate and 
similar activities, the esterase activity of the stroma being high compared 
with that of the epithelium. 

VI. Chemistry of Cell Surfaces 

It has been suspected for some time that certain enzyme systems may be 
concentrated in cell surfaces and function there in the processes of absorp¬ 
tion and excretion of various substances from the cell. In the case of alkaline 
phosphatase, high enzyme concentration in the surfaces of intestinal epi¬ 
thelial cells and cells of the proximal convoluted tubules of the kidney can 
be demonstrated with the Gomori technique. 

The action of certain drugs has been thought to be concerned with the cell surface 
rather than the interior cell cytoplasm. The latter view has been supported by A. J. 
Clark,**® who gives a number of references to work indicating that cell surfaces may 
be more sensitive to drugs than cell interiors. 

Brinley**® found that immersion of Amoeba proteus in water solutions of H 2 S re¬ 
sulted in destruction of the cells, whereas microinjection of such solutions, even when 
the volume of the solution injected was nearly half the original volume of the cell, 
produced only transitory effects followed by rapid recovery of the amoebas. The same 
findings also were reported for cyanide solutions varying in concentration from 
M/IO to M/3000.**!-*** 

*** H. Herrmann and J. S. Friedenwald, Bull, Johns Hopkins Hosp, 70 (No. 1), 
14 (1942). 

A. J. Clark, in Handbuch der Experimentellen Pharmakologie. Founded by 
H. Heffter, Springer, Berlin, 1937, Vol. IV; reprinted by J. W. Edwards, Ann Arbor, 
Michigan, 1944, 

F. J. Brinley, Am. J. Physiol. 86, 355 (proceedings) (1928). 

F. J. Brinley, Proc. Soc. Exptl. Biol. Med. 26, 305 (1928). 

»“F. J. Brinley, /. Oen. Physiol. 12, 201 (1928). 
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Hiller*** found that ethyl alcohol, chloretone, ether, and chloroform were not 
fatally damaging to Amoeba dubia when injected into the cytoplasm, but that they 
could readily kill the cells when the latter were immersed in aqueous solutions of 
the drugs. 

Marsland*** found that the effects of hydrocarbons on the surface and interior 
cytoplasm of Amoeba dubia were different. 

The specific choline esterase of red blood cells is in the surface of the 
erythrocytes according to a letter to the editor by Paleus.^*® Here the 
‘‘membrane” is taken to be identical with the stroma. The enzyme could 
not be eluted from the stroma. Whether one is justified in considering red 
cell stroma as identical with the cell membrane is left to the judgment of 
the reader. 

By studying the pH activity curve of purified invertase and invertase in 
whole yeast cells, Wilkes and Palmer^®® adduced evidence indicating that 
this enzyme is located in or near the cell surface. Myrback and Vasseur*®^ 
have evidence of a similar nature indicating that the enzymes lactase and 
trehalase are located in the cell surfaces of certain yeasts. 

During the war, a study of the mechanism of action of uranium on the 
animal body lead the present writer to suspect that this material might be 
acting on the surfaces of cells of the kidney tubules. Recently papers has 
been published by Rothstein and Meier showing that hexavalent uranium 
in dilute solutions acts upon the surface of yeast cells in a remarkably 
specific manner. The latter cells were used because of their relative insensi¬ 
tivity to low pH and their suitability for experimental work, in contrast to 
the unavailability and unsuitability of kidney tubules. 

Rothstein and Meier^®® found that glucose metabolism by yeast is blocked 
by hexa valent uranium, and that the site of action of the uranium is at the 
cell surface. In another paper, Rothstein, et made a more detailed 
study of the inhibition of glucose metabolism at the yeast cell surface and 
concluded that the uranyl group forms a complex with some active group 
participating in glucose metabolism in the cell surface. Some different group, 
probably carboxyl radicals of proteins, complexes uranium at the cell sur¬ 
face at higher uranium concentrations. 

In an earlier paper, Rothstein and Meier^^® showed that A.T.P.-ase is 
located at the surface of the yeast cell, and in addition have studied other 
phosphatases in yeast cell surface. 

*** S. Hiller, Proc. Soc. Exptl. Biol. Med. 24, 427; same article repeated on page 
938 (1927). 

***D. Marsland, J. Cellular Comp. Physiol. 4, 9 (1934). 

*** S. Paleus, Arch. Biochem. 12,163 (1947). 

**• B. G. Wilkes and E. T. Palmer, J. Gen. Physiol. 16, 233 (1932). 

**^ K. Myrback and R. Vasseur, Z. physiol. Chem. 227, 171 (1943). 

*** A. Rothstein and R. Meier, J. Cellular Comp. Physiol. 32 (No. 3), 247 (1948). 

**• A. Rothstein, A. Frenkel, and C. Larrabee, J. Cellular Comp. Physiol. 82 (No. 
3), 261 (1948). 

**® A. Rothstein and R. Meier, J. Cellular Comp. Physiol. 82 (No. 1), 77 (1048). 
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Lack of space makes it impossible to present the somewhat complicated 
evidence in the statements in these three papers, but as far as this writer 
can determine, the work is completely sound. The work in the first two 
papers mentioned constitutes a very ingenious and new application of 
uranyl uranium and its complexes to an elucidation of cell surface chemistry. 
The work in the last paper is based on the failure of radioactive phosphate 
in A.T.P. to come into equilibrium with the inorganic phosphate of the cell 
during and after hydrolysis of A.T.P. at the cell surface. 

Barron and collaborators^^^ have also presented work indicating that 
uranium blocks enzyme groups at the surface of yeast cells. Their evidence 
does not appear to be as conclusive as that of Rothstein, however. 

Boell and Nachmansohn^^^ found that choline esterase is concentrated in 
the sheath of the giant fiber of the squid, although this sheath is largely 
composed of connective tissue fibers. Practically none of the enzyme was 
found in the axoplasm. This means that choline esterase is highly concen¬ 
trated at or close to the surface of the nerve fiber. 

Nachmansohn and Steinbach^" on the other hand found that succinic 
dehydrogenase was more concentrated in the axoplasm than the sheath of 
the giant fibei* of the squid, and that it is more concentrated in the head 
ganglia than in the fiber. Choline esterase also was found to be more con¬ 
centrated in the head ganglia than in the fiber. Diphosphothiamine was 
higher in concentration in the sheath than in the axoplasm. 

The work on cell surface enzymes and chemistry is of considerable im¬ 
portance and ultimately no doubt will explain the mechanism of absorption 
and excretion at cell surfaces. The phosphatases in the surface seem to be 
necessary to hydrolyze organic phosphates so that the organic fragment 
subsequently can be absorbed and metabolized. However, in the subsequent 
absorption process, at least some of the organic molecules in question are 
again phosphorylated (glucose for instance, by hexokinase action in yeast). 
Thus a cell cannot metabolize phosphorylated sugars added to the medium, 
but nevertheless must phosphorylate sugars in the cell surface in the first 
step of absorbing and metabolizing them. In the case of kidney tubule 
cells and intestinal epithelial cells, if glucose is phosphorylated during the 
absorption process, it must subsequently be dephosphorylated, perhaps by 
phosphatases deeper within the epithelial cells. 

It is at the present time impossible to define accurately the cell surface 
in which the above mentioned enzymes are located in exact terms or to 
state its thickness, on the basis of the available chemical evidence. All that 
can be stated is that there is some kind of surface of limited thickness that 
separates the internal cytoplasm from the surrounding medium and that 

E. S. G. Barron, J. A. Muntz, and B. Gazvoda, J. Oen. Physiol. 82,163 (1948). 

*** E. J. Boell and D. Nachmansohn, Science 92, 513 (1940). 

D. Nachmansohn and H. B. Steinbaoh, Science 96, 513 (1940). 
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contains certain enzymes in high concentrations. The reader is referred to a 
chapter by Danielli in Cytology and Cell Physiology^ (page 68) for further 
information of a general nature on cell surfaces. 

Nuclear Membrane 

According to Baud and Fulleringei^'^^ alkaline phosphatase occurs in high 
concentration in the nuclear membrane of certain cells. Whether it has any 
role in the transfer of materials from the nucleus to cytoplasm or vice versa 
is entirely a matter of speculation. Stern^^® in a review article has dealt with 
the passage of various substances through the nuclear membrane. The 
study by Clark of the passage of dyes through the nuclear membranes of 
amoebas has been mentioned previously in this chapter. A recent electron 
microscope study of the nuclear membrane of amphibian oocytes has been 
made by Callan et 


VIL Enzymes and Genes 

In closing this chapter, brief reference will be made to the relationship 
between enzymes and genes. The reader is referred to a very excellent review 
by Gulick on the ‘‘Chemical Formulation of Gene Structure and Gone 
Action^’^*^ for general background material. In addition, a number of review 
articles bearing on the subject have been written by BeadleArticles 
on the same subject have been written by Wright^®^ ^^d by Sturtevant;-®^ 
and finally a recent article entitled “Beyond the Gene^^ by Sonneborn-^^ 
is recommended. It is now quite well established from the work of Beadle 
and others that there is a one to one correspondence between at least some 
genes and cell enzymes. This means that the loss of a given enzyme can be 
inherited in a Mendelian manner (Lysenko notwithstanding), if the loss of 
enzyme has not been fatal to the cell. Much of this work is based on experi¬ 
ments with isolated spores of the fungus Neurospora, which have been 
subjected to the mutation-producing action of x-rays. In this work, loss of 
an enzyme was compensated for by including in the growth medium what¬ 
ever substrate could no longer be synthesized by the fungus. In general, 
different enzymes were found to be destroyed or potentially destroyed in 

G. A. Baud and A. Fulleringer, Compt. rend. 227, 645 (1948). 

Stern, Am. Naturalist 72, 3^ (1938). 

*‘*H. G. Callan, J. T. Randall, and 8. G. Tomlin, Nature 163, 280, (1940). 

A. Gulick, Recent Advances in Emymol. 4, 1 (1944). 

*^*G. W. Beadle, Am. Scientist 34, 31 (1946). 

G. W. Beadle, Am. Scientist 36, 69 (1948). 

*wG. W. Beadle, Physiol. Revs. 26, 643 (1948). 

G. W..Beadle, Ann. Rev. Biochem. XVII, 727 (1948). 

*‘*S. Wright, Physiol. Revs. 21, 487 (1941). 

*”A. H. Sturtevant, Am. Scientist 36, 225 (1948). 

164 T. M. Sonneborn, Am. Scientist 37, 33 (1949). 
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different spores. The latter interesting finding has bearing on the problem 
of radiation damage in general, and means that in a given population of 
cells which are exposed to radiation, not all cells that are destroyed are 
necessarily destroyed by the same mechanism. Thus percentage loss of a 
given enzyme in a whole cell population may be immeasurably small, and 
an attempt to use enzyme tests to detect early changes caused by low doses 
of radiation may be fruitless. 

It is also claimed by Sonnebom, Spiegelman, and others, that certain 
cytoplasmic factors can be inherited independently of gene mechanisms. 
What relationship these factors have to enzymes is not yet certain. How¬ 
ever, a plausible theory bearing on this point is presented by Spiegelman 
and Kamen.^®*^ 

It was shown by these authors that radioactive is taken up by nucleo- 
protein from inorganic phosphate during growth of yeast cells. Subse¬ 
quently, a flow of the apparently takes place from the nucleic acid to 
some other fraction if the yeast cells are placed in a nitrogen-containing 
medium and allowed either to grow or to produce an “adaptive^’ enzyme 
such as mellibiase.* Such an outflow of P®^ f^om the nucleic acid fraction 
does not occur if sodium azide or dinitrophenol are added to block growth 
or adaptive enzyme formation. Moreover, such an outflow of P®^ from the 
nucleic acid fraction does not occur if the cells are allowed to ferment carbo¬ 
hydrate anaerobically in the absence of a nitrogen source so that growth or 
enzyme formation cannot occur. 

The authors next review some of the work on adaptive enzymes and show 
that an adaptive enzyme can be maintained in the absence of the gene re¬ 
sponsible for initiating its synthesis, simply by keeping the substrate for 
the enzyme in question constantly present in the culture medium. However, 
in the absence of any gene corresponding to the enzyme in question, the 
yeast cell finally loses its capacity to synthesize the “adaptive^* enzyme 
if the substrate for this enzyme is withheld from the culture medium. 

This sort of evidence taken together with the evidence of a similar nature 
such as the work on the paramecium killer factor of Sonneborn^^^* 
leads to the hypothesis of the so-called plasma genes said to be first postu¬ 
lated by Wright. 

The relationship between genes and plasma genes as conceived by Spiegel¬ 
man and Kamen^^^ might be diagrammed as shown in Fig. 8. The gene in 
the nucleus is assumed to send out a replica of itself (Po) to the cytoplasm. 

K. Spiegelman and M. Kamen, Science 104, 581 (1946). 

* For the literature on adaptive enzymes the reader will find references in the 
article being discussed and in another chapter in this book by Spiegelman. 

M. Sonneborn, Proc, Nail. Acad. Set. 29, 329 (1943). 

C. D. Darlington, Nature 164, 164 (1944). 

S. Wright, Am. Naturalist 79, 289 (1946). 
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This replica in the cytoplasm then in turn allows the formation of replicas 
Pi, Pj, Pi, P4,... Pn of itself in the cytoplasm. Po, Pi, P», P», P4, •. • P* are 
all identical plasma genes. 

If the plasma genes divide faster than they are supplied from the gene 
in the nucleus, according to the same authors, Mendelian inheritance will 
be obscured to a greater or lesser extent by “cytoplasmic inheritance.” 
If on the other hand the limiting factor for production of the plasma gene is 
the gene itself in the nucleus, Mendelian inheritance will be observed. 

Spiegelman and Kamen propose the idea that the self-duplicating unit is 
nucleoprotein, a thought fairly commonly entertained. The flow of P“ 
from the nucleic acid fraction is taken to be the result of the hypothetical 
role of the nucleic acid in furnishing energy for protein synthesis through 



Fio. 8. Diagram of gene-plasma-gene relationship. 

its phosphate bonds. Such a process would thus seem to be analogous to 
the loss of phosphate from Cori ester in the synthesis of glycogen. 

The only substance thus far known to occur in cells in a number of varie¬ 
ties of the same order of magnitude as the number of genes in the cell is 
protein. It is therefore not surprising to And a correspondence between 
genes and enzymes, and indeed the genes may themselves represent a great 
variety of specific proteins. The only other substance that conceivably may 
occur in as rich a spectrum of individual components is nucleic acid. A 
tremendous number of possible different nucleic acids can be calculated 
if one assumes a molecular weight of only around 100,000 and retains com¬ 
plete freedom of choice in arranging the four nucleotides of the nucleic acid. 
Considering a nucleic acid molecule to be composed of 150 purines of two 
varieties and 150 pyrimidines of two varieties (which would lead to a molecu¬ 
lar weight of about 90,000), Dr. D. Charles of the Atomic Energy Project 
oi our University has calculated the possible munber of isomeres, iwanming 
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complete freedom of arrangement, as about 4 X 10®^ (unpublished). The 
work of Avery and collaborators^®® on the mutation-like change of an 
unencapsulated pneumococcus to an encapsulated variety induced by 
desoxyribonucleic acid is indicative of specificity and hence suggests that 
variety of components of desocyribonucleic acid may exist in a given species. 

The great tendency of nucleic acid molecules to associate in aqueous solu¬ 
tions unfortunately makes it very difficult to see how to effect satisfactory 
fractionation of this material, unless a way can be found to remove the 
high polarity of the phosphate groups by a sufficiently mild chemical reac¬ 
tion. For the present then the question of specificity of nucleic acid remains 
an unsolved problem. 

Questions such as those just outlined are obviously concerned with the 
role of the nucleus in the resting cell and the function of the cytoplasm of 
the resting cell in synthesizing protein. If, as has been surmised, a flow of 
ribonucleic acid from the nucleus to cytoplasm really does occur in cells 
that are synthesizing protein, the question of function of this ribose nucleic 
acid when it gets to the cytoplasm presents an intriguing problem. Does 
it act to furnish templates for the synthesis of specific proteins? Or, are 
proteins being synthesized by the action of the cytoplasm without any par¬ 
ticipation by the nucleus? The synthesis of viruses by infected cells and the 
production of ‘‘plasma genes’* make the latter possiblity seem probable in 
certain cases. On the other hand, it may be that the bulk of protein synthesis 
in the cell is dependent upon a functioning of the nucleus, even in the rest¬ 
ing cell. The reader is referred to the paper by Stern,who has collected 
evidence to show that genes exert their influence during the resting stage of 
the cell. If the latter statement is true, a knowledge of the chemistry and 
metabolism of the cell nucleus may turn out to be as important or even 
more important than a detailed cytochemical knowledge of the chemistry 
and metabolism of the cytoplasm, even though the cytoplasm in most cells 
obviously carried out almost quantitatively the aerobic oxidations of the 
cell and great bulk of the commonly studied metabolic reactions, especially 
those contributing to the organism as a whole. 

Vni. Summary and Conclusions 

Evidence has been presented which decisively demonstrates the occur¬ 
rence of many enzymes in small cell particles, such as nucleoli, chromo¬ 
somes, nuclei and mitochondria, and on cell surfaces. In some cases 
(cytochrome oxidase and succinic dehydrogenase) it seems clear that none 
of the enzyme occurs dissolved in the cytoplasmic matrix, and in the case 
of succinic dehydrogenase at least, all of the enzyme seems to be located 
within the mitochondria. The bulk of the cytochrome oxidase and cyto¬ 
chrome system is also located in the mitochondria, and in addition, it now 

O. T. Avery, C. M. McLeod, and M. J. McCarty, /. ExptL Med. 79,137 (1944). 
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seems probable that mitochondria carry the entire system of enzymes par¬ 
ticipating in the Krebs cycle for the oxidation of carbohydrate. These par¬ 
ticles also carry enzymes necessary for the oxidation of fatty acids. 

The occurrence of enzymes in particles is no doubt of great significance 
in regulation of the chemistry of the cell. There must be areas of different 
pH and redox potential within a single cell, perhaps in part resulting from 
the localization of enzymes within the cell. 

It would be of great advantage to know whether all mitochondria, or all 
secretory granules for instance, are alike in enzyme composition. If they are 
not, it might be possible to effect a separation of different classes of granules 
electrophoretically, after segregation according to particle size with centrif¬ 
ugation techniques, if difficulties of determining boundaries and keeping 
the material suspended could be overcome. It might even be possible to 
effect further purification of enzymes in this manner, and perhaps to draw 
conclusions about the mode of formation of the particulate enzymes if 
such electrophoretic experiments were successful. Another point which 
might be more easily answered is the question of how much increase in 
efficiency can be expected from a group of properly oriented enzymes work¬ 
ing in a single •particle (the cytochrome oxidase-succinic dehydrogenase 
system or the system of glycolytic enzymes, for instances) over and above 
the efficiency of the same enzymes operating in solution or on different 
particles. 

It is still unsettled as to whether enzymes exist dissolved in the cyto¬ 
plasmic matrix. Evidence indicates that they may thus exist, but the point 
is not indisputably settled in the opinion of this writer. It is probable that 
enzymes bound to particles are less likely to break through the cell mem¬ 
brane and become lost than enzymes that exist dissolved in solution. In 
view of the evidence presented by Whipple and his associates^®® that the 
liver cell, at least, must be quite permeable to certain plasma proteins, this 
point may be of more significance than one might imagine at first sight. 
Since some enzymes .occur in plasma, apparently as the result of leakage 
from cells, it may be that small amounts of enzyme generally do occur dis¬ 
solved in cytoplasmic matrix. 

It has been demonstrated that in the case of tissue homogenates, enzymes 
can occur bound to microsomes and submicrosomes; but the significance 
of these results is not so clear as the finding of enzymes in the mitochondria. 
The question arises as to whether a transfer of enzyme could have taken 
place from the mitochondria or cytoplasmic matrix to the microsomes dur¬ 
ing the isolation of the latter particles. Considering the possibility of ad¬ 
sorption of enzymes, the enormous absorbing area of the microsomes 
certainly must be taken into account. Until it can be demonstrated that no 
escape of enzymes occurs from the mitochondria or secretory granules, and 

•••G. H. Whipple, Am, J, Med, 8ci, 208, 11 (1942). 
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that no great amount of the enzyme in question exists free in the aqueous 
phase, the possibility of absorption by microsomes stands as a menace 
against correct interpretation of the results of studies of the enzyme activity 
of isolated microsomes and submicrosomes. This menace is less in the case 
of mitochondria and nuclei, in the opinion of the writer, but still must be 
taken into account in these cases. 

The question of function of microsomes and submicrosomes remains 
an enigma. The high ribose nucleic acid content of these particles is un¬ 
doubtedly of significance, and it is possible that the particles act as sites 
of enzyme and protein synthesis in the cytoplasm. In certain types of cells, 
as has been pointed out, enzymes to be used extracellularly are known to 
accumulate in larger particles called secretory granules, and it is possible 
that the microsomes play a part in synthesis of this type of enzyme. It 
is possible that the microsomes may arise in the cell nucleus and later pass 
out into the cytoplasm. 

It seems highly probable that a body as large as the cell nucleus must 
carry on a metabolism of its own, and hence it is not surprising to find 
enzymes in cell nuclei. It also seems clear that some enzymes known to 
occur in cytoplasm do not occur as such in nuclei, although of course 
they might be present there as zymogens. It is now known that any method 
for obtaining nuclei that depends upon the use of aqueous homogenates 
is likely to result in a loss of protein, and hence undoubtedly of enzymes, 
from the nuclei. Therefore, the results of quantitative studies of the en¬ 
zyme content of nuclei are not accurate. The more soluble enzymes will 
appear to be low w'hile the less soluble enzymes will appear to be high in 
concentration. Why part of the enzyme should remain in the nuclei while 
part is extracted is now known. Possibly the unextracted part is bound to 
nucleic acid, or to insoluble protein. Nucleic acid is known to be capable 
of complexing proteins if the pH is favorable relative to the isoelectric 
point of the protein; and nucleic acid has at least in some cases a protective 
action against denaturation. 

Why an enzyme such as arginase should be present in high concentrations 
in the nucleus of the liver cell but not in the nucleus of the kidney cell is 
not clear. Arginase would not seem to be necessary for the metabolism of 
the cell nucleus, for if it were, it should be present in all cell nuclei in 
appreciable amounts. 

It is as yet unknown whether any protein is lost from mitochondria dur¬ 
ing the process of isolation using hypertonic sucrose solutions. It would be 
very useful to investigate this point. 

The question of possible adsorption of microsomes and submicrosomes 
by mitochondria or by nuclei during the processes of isolation of the latter 
cell fragments can be raised, but any such adsorption would not seem 
to be a greatly disturbing factor in enzyme studies in most cases, since 
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the microaomes thus far seem to contain fewer en 2 yme 8 to mitochondria 
or nuclei. The ribose nucleic acid content of mitochondria is so low that it 
might be an adsorbed impurity. 

The ultimate goal of cytochemical studies would seem to be the establish¬ 
ment of a sound cell physiology in which the location of enzymes and the 
flow of substrates within the cell would be well understood. The various 
processes of absorption and excretion, especially those requiring energy 
from the cell, probably will become comprehensible in the future as the 
result of cytochemical investigations of one sort or another. 

A hypothesis concerning the possible effect of substrate concentration on nuclear 
function has been under consideration for some time by the writer as the result of 
an attempt to find some common denominator among the numerous known causes of 
cancer. Briefly, this hypothesis is that the ring of cytoplasm surrounding the nuclei 
of all animal cells capable of cell division may act as a screen which keeps the concen¬ 
tration of certain substrates low in the cell nucleus. For instance, if oxygen is con¬ 
sidered as a substrate, it seems likely that enzymatic utilization of the oxygen by the 
mitochondria will lower the oxygen tension rapidly so that the average concentration 
of oxygen in the nucleus will be much lower than the average concentration in the 
outer zones of cytoplasm. The simplest type of cell to consider in this connection 
would be relatively nonpolarized cells such as liver parenchymal cells, but polarized 
cells such as those of the intestinal epithelium do not seem to offer any particular 
difficulties if the principal zone where oxygen enters the cell is at the basal portion, 
as seems probable. 

Other substrates which might be considered similarly to oxygen are amino acids, 
glucose in the case of certain cells, and in fact any substrate which must enter a cell 
from the outside. Even substrates that are synthesized within the cytoplasm but not 
within the nucleus might be considered similarly. 

If cell division should require that the concentration of cervain key substrates be 
above a certain level in the nucleus, it is easy to see how a cytoplasmic screening, 
such as outlined above, could prevent a cell from dividing. Such screening by the 
cytoplasm might, however, be overcome in one of two ways: either the concentrations 
of substrates in the cytoplasm could be raised to such high values that the screening 
could no longer keep the substrate concentrations in the nuclei below the critical 
levels, or the screening ability of the cytoplasm might be weakened by a general 
lowering of cytoplasmic enzyme activity. In the case of regenerating liver of rats sub¬ 
jected to partial hepatectomy, the first situation presumably would be at hand, since 
the total portal supply would have to pass through the remaining liver and this should 
cause an increased rate of delivery of substrates, e.g., amino acids and glucose, to 
the cell. 

In the case of cancer cells, the second situation presumably would be at hand, 
because of the lowered oxidative capacity and general lowering of enzyme activity 
of the cytoplasm which seems to occur. The great reserve of enzymes in the cytoplasm 
of cells such as those of the liver, in contrast to the lowered enzyme reserve in cancer 
cells, seems to favor this idea also. In cancer cells the enzymes seem more likely to be 
operating at full capacity than in noncancer cells. 

If this hypothesis should contain a germ of truth, the degree of cytoplasmic screen¬ 
ing ought to govern the frequency of cell division or at least to be one important 
factor governing this frequency. Cells with a very thin shell of cytoplasm, such as 
precursors of lymphocytes of the thymus and lymph nodes, should tend to have a 



5. CYTOCHBMICAL FOUNDATIONS OP ENZYME CHEMISTRY 265 


higher frequency of division than cells of the liver for instance. The hypothesis must, 
however, be applied only to cells known to be capable of division. There would be little 
meaning in trying to apply the idea to such highly differentiated cells as striated 
muscle cells and neurons for example, since these cells are incapable of dividing, no 
doubt because of structural peculiarities. 

It should be noted that the hypothesis of cytoplasmic screening does not preclude 
the metabolic functioning of the cell nucleus in the resting cell. It merely states that 
if the metabolism of the cell nucleus is to be thrown into a sufficiently active state 
to cause cell division, the concentrations of certain substrates in the nucleus or at 
least the rates of delivery of these substrates to the nucleus must be above some 
threshold values. 

Since cells with highly specialized metabolic functions, such as liver cells, must 
divert more of their basic substrates into specialized metabolic reactions necessary 
for the functioning of the body as a whole, one might expect a cytoplasmic screening 
effect to be greater in liver cells than, for example, in cells such as those of epidermis. 

The hypothesis of cytoplasmic screening, which implies that increased blood sup¬ 
ply or limited damage to cytoplasm or both would tend to favor cell proliferation, 
might be applicable to wound healing as well as to liver regeneration and to cancer. 
In the case of virus-induced cancer, the hypothesis still could hold, since the virus 
might act as an agent lowering the general enzyme activity of cytoplasm. As a matter 
of fact, cancer has been considered by some investigators as a disease of the cyto¬ 
plasm.*®^- *®* 

It should be noted that the hypothesis of cytoplasmic screening is not easily re¬ 
futed, but on the other hand it is not easily supported by direct experimental work. 
If the rate of delivery of substrates to the nucleus rather than their final concentra¬ 
tions in the nucleus is the more important factor, it may take years to find experi¬ 
mental techniques for approaching the problem. However, if the concentrations of 
certain substrates should be appreciably higher in the cytoplasm than in the nucleus, 
it may be possible to investigate the situation by applying the technique of Behrens 
to the preparation of nuclei and cytoplasm and then measuring the concentrations of 
the substrate in the isolated fractions. A possible difficulty with this apparently sim¬ 
ple procedure is that diffusion of substrates between nucleus and cytoplasm may occur 
so rapidly even in the frozen state that concentration differences between nucleus and 
cytoplasm will be wiped out. The writer and coworkers have found that the absolute 
and relative concentrations of free amino acids in the cytoplasm and nuclei of liver 
cells of rats fed ad libitum on a fox chow diet are about the same, as judged by paper 
chromatography, which it must be admitted is not especially quantitative (unpub¬ 
lished) . The crucial experiment of feeding the rats high amounts of protein digest and 
then repeating the work remains to be carried out. 

The cytoplasmic screening hypothesis is indirectly supported by the work of 
Chipps and Duff,'®* who found that glycogen appears in the nuclei of liver cells in 
uncontrolled diabetes and in some other pathological conditions, whereas it is nor¬ 
mally absent from the nucleus (see Section III, e, under nuclei). Since phosphorylase 
can be detected in ground liver cell nuclei, it seems logical to suppose that the exces¬ 
sive and persistant gluconeogenesis of diabetes may cause a flooding of the nucleus 
with glucose and a resulting formation of glycogen, provided that the glucose can 
be phosphorylated. 

A piece of evidence that, on the other hand, does not seem at first sight to be easily 
reconcilable with the cytoplasmic screening hypothesis is furnished by the work on 

*®' H. G. DuBrey, Science 102, 591 (1945). 

*•* M. W, Woods and H. G. DuBrey, Science 104, 469 (1946). 
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microdissection of amoebas already referred to. If too much of the cytoplasm is re- 
inoved by microdissection, the amoeba will not divide until it has grown back to 
nearly normal size. Here, however, the trouble may be that the rate of digestion of 
food by the cell is lowered to such an extent that metabolizable substrates cannot ac¬ 
cumulate anywhere in the cell fast enough to allow more than a very slow rebuilding 
of cytoplasm. The amoeba cannot be considered equivalent to a cell which receives 
predigested metabolites. 

It should be remembered that a primitive cell tends to divide from time to time 
as long as sufficient substrate or nutrient is available and as long as the accumulation 
of waste products does not cause trouble. Cells which exist for the benefit of a whole 
organism must relinquish much of the tendency to divide, and an important problem 
is to find out what factors bring this about. In the primitive cell the whole economy is 
directed towards a synthesis of protoplasm, whereas in the specialized cell of a whole 
organism, the synthesis of protoplasm in many cases has become a secondary process. 

This hypothesis of cytoplasmic screening has been presented because it appears 
to be plausible and quite generally applicable, and it illustrates that some sort of 
general theory of cell physiology may eventually be constructed from the result of 
cytochemical investigations. Of course it is possible that this particular hypothesis is 
quite erroneous. If it should be repugnant to some, it is to be hoped that they will be 
stimulated to carry out experiments to try to disprove it; if it should prove interesting 
to others, it is to be hoped that they will try to devise experiments to support it. 

The chemistry of an organ or tissue can eventually be completely under¬ 
stood only if the distribution of enzyme systems among the various types 
of cells present in the organ or tissue is known. Some illustrations of enzy¬ 
matic histochemistry were therefore included in this chapter. 
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I. Introduction 

It is the purpose of the present article to attempt a critical analysis of 
the present status of the problem of enzymatic adaptation. Recent years 
have witnessed a considerable increase in both the interest and the amount 
of work done on this problem. It is being recognized by an increasing num¬ 
ber of biological workers that the existence of enzymatic adaptation pos¬ 
sesses implications for some of the most fundamental problems of modern 
biology. Perhaps most important is the recognition that this phenomenon 
may possibly represent a tool of no little power for the experimental analysis 
of the mechanism of enz 3 rme formation. Data so obtained could, in principle, 
illuminate such problems as gene-enzyme relationships and cellular dif¬ 
ferentiation. 
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Except for references where pertinent, such general implications will not 
be discussed since they have been dealt with in great detail in several recent 
reviews.Neither will an attempt be made at an exhaustive historical 
survey of the subject. An adequate account may be obtained by consulting 
several of the reviews^which have appeared in the last few years. 
We shall here concentrate our attention primarily on the methodology de¬ 
veloped in recent years to investigate enzymatic variation in microorganisms 
and the results obtained. 

A major portion of the advances of recent origin can be attributed to two 
innovations. One is the introduction of genetic principles into the experi¬ 
mental analysis of microbial variation. The other is the application of more 
rigid enzymological criteria to instances of enzymatic adaptation. 

n. Some Examples of Enzymatic Adaptation 

The capacity of microorganisms to vary their physiological and bio¬ 
chemical properties in response to cultivation in media of diverse composi¬ 
tion has been known as long as microbiology has existed as a science. This 
variability constituted a source of endless annoyance to a majority of the 
early workers attempting to bring some order into the chaos which char¬ 
acterized the early stages in the development of the science. Indeed, one 
school, the monomorphists, sought to abolish this source of irritation by a 
sort of executive fiat. 

One major aspect of the problem of microbial variation and its sig¬ 
nificance was opened for serious study with the introduction of the enzymo¬ 
logical point of view into bacteriology. Wortmann® made a contribution of 
signal significance by recognizing that much could be learned through 
comparisons of organisms grown on two media which differed in the presence 
or absence of only one component. He showed that certain bacterial species 
could produce amylase only when grown in the presence of starch. At¬ 
tention was thus focused on the possibility of experimentally analyzing the 
process under conditions which allowed the experimentalist to exert a 
measure of control over the factors involved in the phenomenon he was ob¬ 
serving. Since Wortmann's observations, many other workers have shown 
that the presence or absence of a particular substance in the growth medium 
of a culture can influence, in a specific manner, the enzyme pattern ex¬ 
hibited by the culture. 

Many of the earlier studies of enzymatic adaptation were done on molds. 

1 J. Monod, Growth 11. 223 (1947). 

* S. Spiegelman, Symp. Soc, Exptl. Biol. 2. 286 (1948). 

*S. Spiegelman, Cold Spring Harbor Symposia Quant. Biol. 11, 256 (1946). 

* E. F. Gale, Bad. Revs. 7, 139 (1943). 

‘ E. F. Gale, Advances in Enzymol. 6.1 (1946). 

* J. Wortmann, Z. physiol. Chem. 6, 287 (18^). 
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Duclaux,’ in his Traits de Microbiologies cites some of his own observations 
on enzyme production by the Aspergilli. He notes that saccharase is produced 
only when saccharose is present, and that proteases become detectable only 
if milk is included as a component of the medium. Went® studied similar 
phenomena in Neurospora. A series of papers by Kertesz^-^o with the 
effect of environmental factors on the production of saccharase by Peni- 
cillium. Besides the presence of substrate, other factors found to influence 
the output of saccharase were pH and potassium content of the medium. 
The pH optimum of this enz 3 nne produced by the same organism under 
diverse conditions remained constant. 

Phaff^^ has recently published some exceedingly interesting observa¬ 
tions on the production of pectinase by Penidllium chrysogenum, Pectinase 
is a complex of a pectinesterase which hydrolyzes methanol from the esteri- 
fled carboxyl groups of galacturonic acid units, and a polygalacturonase 
which hydrolyzes the D-glucosidic linkages between galacturonic acid units. 
Both enzymes are secreted into the medium under the proper conditions. 
Examination of 52 different carbon compounds for their capacity to stimu¬ 
late production of this enzyme complex revealed that the only substances 
possessing significant activity were 

1) the substrate itself, pectin 

2) D-galacturonic acid, the product of hydrolysis, and substances which 
by decomposition can give rise to this compound 

3) compounds possessing the same configuration on the last five car¬ 
bons as D-galacturonic acid. 

It is important to note that the examples of enzymatic adaptation men¬ 
tioned thus far deal with instances of the production of extracellular en¬ 
zymes. This fact has an important bearing on the nature of the process 
being observed and we shall return to it when these questions are discussed. 
In view of some of the obvious advantages possessed by extracellular en¬ 
zyme systems, the paucity of systematic investigations into enzymatic 
adaptations in the molds is both surprising and regrettable. It seems highly 
probable that active investigation of such phenomena in these forms cannot 
fail to provide information fundamental to our understanding of the factors 
controlling enzyme formation. 

The bacteria and the yeasts have constituted by far the most common 
objects of study to date. The number of enzyme systems examined is by 
now quite large and we need mention here only a few to indicate the extent 
and variety. Gale and Epps^^.s examined the conditions required for the 

^ E. Duclaux, Traits de Microbiologie. 3 Vols., Masson et Cie., Paris, 1899. 

* F. C. Went, Jahrb. wiss, Botan, 36, 611 (1901). 

® Z. I. Kertesz, Fermentforach. 10, 36 (1928). 

Z. I. Kertesz, Plant Physiol. 6, 249 (1931). 

J. Phaff, Arch. Biochem. 18, 67 (1947). 

E. F. Gale and H. Epps, Biochem. J. 38,232 (1944). 
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production of amino acid decarboxylases. Six distinct enzymes have been 
identified, each concerned with decarboxylation of one of the following 
amino acids: lysine, ornithine, arginine, tyrosine, histidine, and glutamic 
acid. Acid pH and, except for glutamic acid, the presence of the specific 
substrate during the growth of the culture are required for the produc¬ 
tion of the corresponding decarboxylase. 

Dubos^^ *^'^®’^* made striking contributions to the problem in his series 
of studies on enzymes attacking the type-specific polysaccharides of Pneu¬ 
mococcus. Using an enrichment culture technique in which the polysac¬ 
charide constituted the sole source of carbon, an organism was isolated 
from soil which elaborated an enzyme capable of splitting type III poly¬ 
saccharide. The enzyme was produced only when the organism was grown 
in the presence of the polysaccharide, or aldobionic acid, a product of its 
enzymatic hydrolysis. The degree of specificity exhibited by this adaptive 
hydrolytic enzyme was striking indeed, since it had no effect on any of the 
other t 3 rpe-specific polysaccharides, nor were these capable of inducing the 
formation of this enzyme under similar conditions. This situation obtained 
even in the case of type VIII polysaccharide which is quite similar to type 
III, both containing aldobionic acid and exhibiting serological cross 
reactions. 

Another investigation which provides data pertinent to the problem of 
specificity is that of Mirick,^^ The reaction studied was the oxidation of 
p-aminobenzoic acid (PABA) to CO 2 , H 2 O, and NH3 by organisms isolated 
from soil. Cultures grown in an ordinary casein hydrolyzate medium exhibit 
a small amount of activity. This activity could be considerably increased 
(up to 25-fold) by subculturing for a 12-hour period in the presence of 1% 
PABA, and was lost in a few hours after removal of the PABA. Only sub¬ 
stances upon which the enzyme system could act were capable of inducing 
its appearance. An interesting illustrative example is provided by o-amino- 
benzoic acid (anthranilic acid). Cells grown in the presence of this isomer 
possess no increased capacity to oxidize PABA although they are adapted 
to the oxidation of anthranilic acid. Similarly, cells adapted to PABA 
show no evidence of being adapted to the ortho-isomer. 

As illustrated by the outstanding investigations of Monod,^* adaptive 
enzyme systems involving the metabolism of carbohydrates have played 
an increasingly important role in recent years in attempts to analyze the 

** R. Dubos ahd 0. T. Avery, J. Exptl. Med. 64, 51 (1931). 

R. Dubos, J. Expil. Med. 66, 279 (1932). 

R. Dubos, J. Exptl. Med. 62, 259 (1935). 

‘•R. Dubos, Ergeb. Enzymjorsch, 8, 135 (1937). 

G. S. Mirick, J. Exptl. Med. 78, 255 (1943). 

J. Monod, Recherches sur la croissance des cultures bacteridnnes. Hermann and 
Cie., Paris, 1942,210 pp. 
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nature and significance of enzymatic adaptation. These will be considered 
in detail in later sections., 

in. The Operational Description of Enzymatic Adaptation in 
Microorganisms and its Biological Significance 

1. Adaptation during Growth 

The basic elements of the phenomenon, as illustrated by the examples 
given in the previous section, can be adequately described in terms of the 
following operational concepts: a culture of organisms, either low or com¬ 
pletely deficient in a defined enzymatic activity against a particular sub¬ 
strate is placed in contact with a medium containing the substrate. After 
the lapse of a period of time, the culture acquires the ability to metabolize 
the substrate in the manner specified. Subsequent contact with a medium 
lacking the adapting substrate, under the usual conditions, leads to the loss 
of the newly acquired enzymatic activity. 

To be fruitful of precise and useful information, an analysis of this phe¬ 
nomenon must begin with a consideration of some more or less purely 
biological problems. These arise from the fact that large numbers of indi¬ 
viduals are always involved in such adaptation experiments and the change 
observed is a modification in the biochemical properties of a population. 
The mechanisms available to an individual cell for adapting itself to an 
environmental change are limited by its genetic constitution and the physi¬ 
ological flexibility permitted by its particular degree of specialization. When, 
however, the adaptation of a population of cells is being considered, there 
must be added to the physiological pliability of its members the genetic 
plasticity of the group in terms of the numbers and kinds of variants it is 
capable of producing. 

Because of this composite nature of populational adaptability, it is evi¬ 
dent that any particular case of enzymatic adaptation in microorganisms 
could be attained by any one or more of the following mechanisms: 

1) the natural selection of existent variants possessing the necessary 
enzyme patterns from a genotypically heterogeneous population, 

2) the induction of enzyme by the substrate in all the members of a 
genetically homogeneous population, 

3) a combination of the above two mechanisms in which the enzymes 
are induced by the substrate in certain variants and these are subse¬ 
quently selected. 

Much of the older and even some of the more recent'* literature on en¬ 
zymatic variation in microorganisms is difficult to interpret, because the 

'* C. N. Hinshelwood, The Chemical Kinetics of the Bacterial Cell. Oxford, Claren¬ 
don Press, 1946. 
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design of the experiments either completely ignored the necessity for de¬ 
ciding which of the above mechanisms was involved in the instance being 
studied, or was inadequate to do so. It is quite often extremely difficult to 
provide a definitive answer to such questions. The rarity of mutations in 
general is of relatively little value in arriving at a decision when microbial 
populations are being studied. The chances of having a wide spectrum of 
mutant types are very good when dealing with populations containing 
I X 10* or more individuals per cubic centimeter. Further, selective forces 
operate quite strongly under the conditions in which most adaptation ex¬ 
periments are performed. In the absence of decisive supplementary infor¬ 
mation, no definite conclusions as to mechanism can be drawn from any 
adaptation experiments in which the change in enzymatic pattern is 
achieved during the growth of the organisms in a medium containing the 
adapting substrate. 

It is of some importance to recognize that, contrary to the views of most 
authors, easy reversibility of a particular enzymatic adaptation cannot be 
accepted as an adequate criterion for the absence of mutation and selection. 
Thus, it has been generally assumed that if a culture acquires a particular 
enzymatic capacity after one or two passages in a certain well-defined 
medium, and if this capacity is lost quickly by growth in a medium lacking 
the adapting conditions, the modification of enzyme constitution being con¬ 
sidered is not preceded by mutation and subsequent selection. While such 
unrestrained alternations between adapted and unadapted populations are 
certainly unexpected in cases involving mutational changes, it is by no 
means impossible that they obtain. All that is required is that the '‘de- 
adapting’’ medium be selective for the original type, and that the back 
mutation to this type be of the same order of magnitude as the forward 
mutation. Situations quite analogous to this have been observed and are 
particularly well illustrated by the instance investigated by Ryan and his 
coworkers of the instability of a histidineless strain of E, 

We may then well ask what method is to be employed in adaptations 
that do not occur unless growth of the culture takes place during exposure 
to the adapting medium. This is an extremely important problem since 
this situation obtains in many instances of adaptation, particularly among 
the bacteria. There exists, fortunately, at least one approach which we owe 
to the ingenious efforts of Luria and Delbriick^* who solved an analogous 
problem in their now classic investigations on bacteriophage. These authors 
were concerned with the nature of the change leading to bacteriophage re¬ 
sistance by cultures of E. coli exposed to these bacterial viruses. The prin¬ 
ciple of the method depends upon two circumstances. One is that the 

F. J. Ryan and Lillian K. Schneider, J, Boot. 68, 699 (1948). 

F. J. Ryan and Lillian K. Schneider, Oenetica 34, 72 (1949). 

** S. E. Luria and M. Delbrtlck, Oenetica 28, 491 (1943). 
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growth of microbial populations is clonal and the other is that mutations are 
random and relatively rare events. 

We may demonstrate the use of this method by describing its application 
to an instance of adaptation by yeast cultures to the fermentation of galac¬ 
tose. A series of tubes are seeded containing a medium lacking in galactose 
which will, however, support the growth of the organism. The size of the 
inoculum is so adjusted that the chance of seeding a positive galactose- 
fermenting cell in any of the tubes is negligible. After the appearance of a 
sufficient number of generations, an estimate is made of the number of 
organisms in each tube that can give rise to clones adapted to the fermenta¬ 
tion of galactose by using a suitable test plate containing galactose. The 
statistical variance of the number of such organisms found in the different 
tubes of the series is compared with that of the sampling procedure, ob¬ 
tained by taking an equal number of samples from one tube. If the adapta¬ 
tion is fundamentally mutational in character and can occur in the absence 
of the adapting substrate, the variance of the samples derived from the 
separate tubes will be much greater than the variance observed in an equal 
number of samples from the same tube. This conclusion follows from the 
random nature of mutations which can occur at any time in the develop¬ 
ment of the culture. Should a mutant appear early in the history of a given 
culture, a large number of mutant types would be counted since it and all 
its progeny would be estimated on the test plate. On the other hand, if the 
mutation occurs toward the end of the growth, relatively few positive clones 
would be found on the test plate. For the majority of the tubes, the last 
mentioned situation will be true. However, if the number of separate tubes 
seeded is large enough, there will be a few in which an inordinately large 
number of positives will be found. The variance of the number of positives 
found in such a series of tubes will thus be much greater than the variance 
of the sampling procedure. 

It is clear that this method detects primarily heritable modifications 
which can occur independently of the substance used to determine the 
presence or absence of the character concerned. If the analysis of any 
adaptation experiment by this device yields a high variance, one must con¬ 
clude that one is dealing with a mutation which can occur in the absence of 
substrate. It is important to realize that the method is in no way invalidated 
by the fact that even when mutation is involved, the change in enzyme 
patterns cannot appear or be detected unless the cells are exposed to the 
adaptive substrate. Indeed the method was devised to overcome precisely 
this methodological difficulty. 

The application of this method may not be simple in some instances, and 
care must be exercised to be certain that the experimental conditions con¬ 
form to and satisfy the basic assumptions underlying the analysis of Del- 
briick and Luria.” Two pitfalls in particular must be guarded against. 
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The medium employed for the separate tubes, which lack the adaptive 
substrate, must not be selective to any extent for either type. Further, the 
test plate must not permit significant growth of the negative type. Unless 
both of these criteria are satished, the absence of large variance signifies 
nothing. 

2. Enzymatic Adaptation in Resting Cells 

The decision as to the nature of the biological mechanism operating is 
greatly simplified in cases where the adaptation can occur in the absence of 
significant cell division. Here there can he no question of selection of mutant 
types, and one must in such cases conclude that the presence of the sub¬ 
strate suflBciently modifies the enzymatic activity in a high enough propor¬ 
tion of the existing cells to be detectable by a suitable measurement. The 
definitive nature of such an experiment in deciding this important biological 
issue was recognized early in the history of the problem. Actually the first 
apparent successful attempt to obtain emzymatic adaptation in the ab¬ 
sence of cell division was accomplished by Dienert,^® who was unfortunately 
unaware of the genetic implications of his results, a nai\Tte that was hardly 
surprising in view of the year in which his experiments were performed. 
The technique he used depended primarily on adapting populations of very 
high density under the assumption that cell division would not occur during 
adaptations under such conditions. This method is obviously not com¬ 
pletely free of possible error. Dienert concluded that it was possible for 
nondividing yeast cells to adapt to the fermentation of galactose. 

Eduyver’s paper in 1914^^ initiated a long series of experimental attacks 
on the question with a clear understanding of the implications involved. 
He attempted to obtain adaptation at temperatures high enough to prevent 
cell division; his results were completely negative, in the sense that such 
cells did not adapt. Employing the same basic principles, Euler and 
Nilsson** and subsequently Euler and Jansson** tried without success to 
obtain adaptation in the presence of concentrations of phenol which in¬ 
hibited cell division. The evidence of these carefully controlled experiments 
seemed to be against Dienert’s conclusion and the possibility that enzymatic 
adaptation represented a direct induction by the substrate of a new enzyme 
activity in the cytoplasm of existing cells. Such negative evidence is, how¬ 
ever, not conclusive. One cannot ignore the possibility that in cultures so 
treated the physiological state of the cells is such that their ability to 
synthesize new enzymes has been lost along with their capacity to divide. 

Another approach used by Sohngen and Coolhaas,*^ in the case of adapta- 

” F. Dienert, Ann, Inst, Pasteur 14, 139 (1900). 

A. J. Kluyver, Biochemische Suiberbepalingen proef schrift Delft., 1914, p. 91 
(cited by Sohngen and Coolhaas, 1924). 

**H. von Euler and R. Nilsson, Z, physiol. Chem. 143, 89 (1925). 

** H. von Euler and B. Jansson, Z. physiol. Chem, 169,226 (1927). 

N. Sohngen and C. Coolhaas, J. Bact. 9, 131 (1924). 
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tion to galactose fermentation by yeast, consisted of a careful comparison 
of the appearance of enzyme activity with cell counts in growing cultures. 
The supposition underlying these experiments was that if adaptation was 
not a consequence of the cell division of a new type being selected, no simple 
correlation between cell count and enzyme activity was to be expected. On 
the other hand, if selection were occurring, a relatively simple relation 
should obtain between the formation of new cells and the increase in en¬ 
zymatic activity of the culture. Their results seemed once again to decide 
the issue in favor of selection from a mixture of biotypes as the determining 
mechanism. The whole question was, however, reopened by the experi¬ 
ments of Stephenspn and Yudkin,^® who concluded from their results that 
adaptation to galactose was possible in the absence of cell division. 

The fundamental work of Winge and his collaborators*® and of the 
Lindegrens^* ®®'^^ on the genetics and life cycle of the yeasts made the re¬ 
examination of this problem profitable. Experiments with known haploid 
and diploid strains of >S. cerevisiae made it clear that the contradictory 
results cited above were inherent not in the mechanism of enzymatic 
adaptation, but in the nature of the stocks employed.®® It was possible to 
duplicate both types of findings by the proper selection of strains.®® Thus, 
by the use of diploid stocks, possessing the proper genetic constitution, it 
was established beyond doubt that yeast cells could adapt without cell 
division. Thoroughly washed cells of some stocks could adapt to galactose 
or maltose within a few hours while suspended in a phosphate buffer solution 
of the proper substrate. Adaptation of other strains, however, depended on 
the selection of the proper mutant type and were incapable of adapting in 
the absence of cell division. 

While in the majority of instances, bacterial cultures do not adapt unless 
active division is occurring, there are now several instances of enzymatic 
adaptations with ‘‘resting’’ suspensions.®^ ®*'®®*^ 

2® M. Stephenson and J. Yudkin, Biochem. J. 30 , 506 (1936). 

O. Winge and 0. Laustsen, Conipt. rend. trav. lah. Carlsherg s^r. physiol. 22, 99 
(1937). 

O. Winge and O. Laustsen, Compt. rend. trav. lah. Carlsherg s^r. physiol. 22, 235 
(1938). 

O. Winge and O. Laustsen, Compt. rend. trav. lah. Carlsherg s^r. physiol. 22, 337 
(1939). 

” C. C. Lindegren, Bact. Revs. 9, 111 (1945). 

** C. C. Lindegren, and G. Lindegren, Cold Spring Harhor Symposia Quant. Biol. 
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It was clearly of the utmost importance to establish conclusively that 
enzymatic adaptation could appear in the absence of cell division. From a 
theoretical point of view, such experiments possessed widespread implica¬ 
tions. They suggested that the phenotype of a cell at its most elementary 
level, in terms of patterns of enzymatic activity, was flexibly determined 
by the environmental conditions. More immediately, they established the 
reality of the phenomenon of enzyma/tic adaptation and provided the con¬ 
ditions which for the first time permitted biologists to study the factors, 
other than genes, controlling the appearance and maintenance of enzyme 
activity patterns in cells. 

IV. Enzymatic Constitution and Enzymatic Adaptation 

The next question to consider is the physiological and biochemical sig¬ 
nificance of enzymatic adaptation. The usual implication in the literature 
has been that enzymatic adaptation involves the actual formation of new 
enzymes. Although this is certainly the most interesting possibility, it is 
not a priori obvious in any instance of adaptation that this is necessarily 
the case and that other mechanisms are not involved. 

The relation between the enzymatic constitution of a cell and the pattern 
of enzyme activity it exhibits need not be a simple one. Not every increase 
in enzyme activity need necessarily imply an increase in the amount of the 
corresponding enzyme. All that is observed in any adaptation experiment 
is a period of increasing enzyme activity. This increase may start either at 
zero level (i.e., nondetectable) or from a measurable but small amount of 
enzyme. Such lags preceding the onset of maximum activity may be due to 
a variety of reasons, none of which need be directly connected with en¬ 
zymatic constitution. Factors which might be invoked to explain a delay in 
the onset of maximal enzyme activity in intact cells are: 

1) penetration of the adaptive substrate into the cell, 

2) formation by existent enzyme systems of special intermediates 
unique to the metabolism of the adaptive substrate, 

3) the time required to raise the concentration of existent cofactors to 
the levels required for the metabolism of the adaptive substrate, 

4) the gradual release of the enzyme system concerned from some regu¬ 
latory inhibition imposed by the cell, 

5) formation of an enzyme system in response to the adaptive sub¬ 
strate. 

There are relatively few cases of enzymatic adaptation in which a choice 
amongst the above possibilities can be made on the basis of adequate ex¬ 
perimental data. It is clearly a matter of the utmost difficulty to attempt a 
decision on the basis of work confined solely to the intact cell. There are 
several criteria which must be satisfied before the solution can be regarded 
as satisfactory. In the first place, the genetic criteria mentioned previously 
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must be adhered to. It would not be particularly relevant to the points at 
issue to demonstrate the formation of a new enzyme system in a population 
of unknown genetic constancy. The fact that two cells differing in geno¬ 
type can exhibit distinctive patterns of enzyme activity is interesting but 
not directly pertinent to the problems raised uniquely by enzymatic adapta¬ 
tion. Secondly, it is necessary from an enz5nnological point of view to 
demonstrate that the enzyme system involved can be extracted from 
adapted cells and is unobtainable from unadapted preparations. 

These and related questions have been most carefully analyzed in the 
case of galactose adaptation in yeast. 

It is possible, on various grounds, to eliminate penetration as playing any 
significant role in adaptation to galactose. In the first place, it has been 
demonstrated^^that galactose enters the cell immediately and is metab¬ 
olized by a purely aerobic mechanism before the adaptive fermentation 
enzymes make their appearance. Moreover, whereas cell-free extracts pre¬ 
pared from adapted cells are able to ferment galactose, comparable prepara¬ 
tions from unadapted cultures are completely inactive.**® Such experiments 
demonstrate that something possessing galactose fermenting capacity can 
be extracted from cells after adaptation which was not present before. 
They also prove conclusively that penetration is not the critical factor since 
it obviously cannot be involved in experiments with cell-free extracts. 

Such extract experiments do not, however, permit a decision amongst 
the other possibilities mentioned. The first attempt to settle this question 
was made by von Euler and his collaborators.** Dried cells of adapted and 
unadapted cultures were washed to rid them of cofactors and intermediates. 
The resulting preparations were tested for galactose fermenting capacity. 
They concluded from their results that adaptation to galactose resulted in 
a modification of the apoenzyme. The methods used by these workers for 
preparing apoenzymes, however, were such that the activities obtained 
were quite low as compared with their control preparations. Consequently, 
their results were not sufficiently conclusive to support definitive conclu¬ 
sions on this question. 

In view of the importance of the issues involved, the problem was re¬ 
examined**^ with the aid of more modern procedures for making apoenz 3 nne 
preparations, using cell-free extracts prepared from adapted and unadapted 
cells. Apoenzyme and coenzyme fractions were prepared from both types 
of cultures and were combined in all possible ways. The results obtained 
may be summarized by the following: 

1) adapted apoenzyme + unadapted coenzyme ~ active enzyme 

S. Spiegelixian, J, Boot. 49, 108 (1945). 

** J. M. Reiner and S. Spiegelman, /. Qen. Physiol. 31, 51 (1947). 
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2) adapted apoenzyme + adapted coenzyme = active enzyme 

3) unadapted apoenzyme + unadapted coenzyme — inactive enzyme 

4) unadapted apoenzyme + adapted coenzyme = inactive enzyme. 

It is apparent that the capacity to ferment galactose is invariably as¬ 
sociated with the apoenzyme derived from adapted cells. These data lead 
to the conclusion, therefore, that it is the apoenzyme or protein moiety of 
the enzyme complex which is modified during the course of the adaptation. 
That only this modification is involved follows from the ability of un¬ 
adapted coenzyme preparations equivalently to replace adapted coenzyme 
in activating adapted apoenzyme to galactose fermentation. 

Further evidence that adaptation leads to the appearance of a new 
enzyme which can be extracted from adapted cells but not from unadapted 
ones, is furnished by some experiments on bacterial adaptation. DoudorofT 
and his collaborators^* have demonstrated that sucrose phosphorylase can 
only be found in cells which have been exposed to the substrate sucrose. 
Similarly, a recent investigation by Monod and Torriani^^ identified an 
amylomaltase as the adaptive enzyme in E. coli formed in response to 
maltose. They showed that this enzyme cannot be obtained from cells 
which have not been adapted to maltose. Finally, one may cite the remark¬ 
able recent contributions of Stanier,^* on adaptive utilization of cyclic 
compounds. His results indicate complete correspondence between the en¬ 
zymatic activity of dried-cell preparations and the previous adaptive his¬ 
tory of the cells from which they were derived. 

These findings indicate that at least in some cases of enzymatic adapta¬ 
tion, one can satisfy the enzymological criteria necessary to conclude that 
adaptation leads to a real and detectable modification in the protein pattern 
of the cell associated with specific enzymatic activity. It is necessary to 
emphasize that the existence of these cases by no means permits one to 
conclude that all cases of apparent enzymatic adaptation are of a similar 
nature. It is highly desirable that each case be examined independently 
before it is used as a tool for the study of enzymatic adaptation in the sense 
of protein modification. 

A word may be said here about the use of the phrase “enzyme formation 
(or synthesis)’^ in connection with enzymatic adaptations. Even in cases 
where an apoenzyme modification can be exhibited, there is no certainty 
that the process involves protein synthesis in the sense in which the latter 
is usually understood. Precision in our concepts concerning these matters 
will come only when we are in possession of the details of the mechanisms 
involved, and when presumably the employment of such phrases as “en- 

M. Doudoroff, N. Kaplan and W. Z. Hassid, J. Biol. Chem. 148, 67 (1943). 
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zynie formationwill no longer be necessary. For the present, such phrases 
should be understood as haying only operational connotations in which the 
adaptations being described have satisfied the biological and enzymological 
criteria previously noted. 

All we can be reasonably certain of is that we are, in such cases, studying 
transformations which yield active enzyme. The most significant feature of 
the phenomenon of enzymatic adaptation, and the establishment that a 
real modification in apoenzyme is involved, lies precisely in the fact that 
it provides a tool with which such transformations can be studied. An 
experimental analysis of the factors governing the appearance, maintenance 
and disappearance of active enzyme becomes possible. 

V. The Kinetics of Enzymatic Adaptation 

Adequate information on the kinetics of adaptation could provide im¬ 
portant clues as to the nature of the process involved. In particular, as 
has been pointed out* '“ it would permit a test of the mass-action hypothesis 
first proposed by Yudkin.®^ This hypothesis has suggested that the enzyme 
and its precursor are essentially in equilibrium with the position far over on 
the side of the precursor. The substrate, it is presumed, by combining with 
the enzyme shifts the reaction towards further enzyme formation. This 
hypothesis makes possible a rather definite prediction with respect to the 
kinetics of the appearance of enzyme in the presence of substrate. The 
time-activity curve should be one essentially exponential in character and 
concave to the time axis. 

The use of growing cultures in enzymatic adaptation experiments com¬ 
plicates any attempts at analyzing the kinetics of the process. It is difficult 
under such circumstances to dissociate the growth of a new cell from the 
appearance of enzyme activity, and the time-activity curves obtained 
would be primarily determined by the growth characteristics of the culture. 

The possibility of testing the Yudkin hypothesis in a relatively simpli¬ 
fied system was provided by adaptations with yeast cells, which can adapt 
in the resting state while suspended in simple buffer media containing the 
substrate. When such kinetic studies were made* ®® on two adaptive en¬ 
zyme systems, (galactozymase and maltozymase) an S-shaped curve was 
obtained. The initial part of the curve is characterized by a rising rate of 
enzyme formation. This is then followed by a declining rate portion and 
ultimately a maximal level is achieved. Similar curves have been obtained 
in the case of adaptation to formic acid in E, coli^ and more recently to 
tetrathionate and nitrate in a coliform organism.**It is clear that these 
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findings on the kinetic aspects of adaptation are not consistent with the 
simple mass-action mechanism suggested for the role of substrate. 

A more detailed analysis of the time-activity curve reveals that the ex¬ 
perimental points could be fitted quite accurately to a curve derived on 
the basis that the primary rate limiting process in enzymatic adaptation 
is an autocatalytic one. This implies only that the rate of enzyme formation 
is a function of the amount of enzyme present. There are several possible 
mechanisms that have been offered to explain this particular finding. They 
may be listed as follows: 

1) Enz 3 miatic adaptation consists of an autocatalytic activation of 
inactive protein analogous to the pepsinogen to pepsin transformation. 

2) The adaptive substrate is the energy source for synthetic activity 
required for the formation of enzyme. 

3) The distribution of adaptive capacities within the population of 
cells being adapted is such that an S-shaped curve would be obtained 
when total activity is plotted against time. 

4) The process is inherently autosynthetic. 

The first hypothesis suggested is self-explanatory. Under the second 
hypothesis, it may be argued that it is hardly surprising to find autocata¬ 
lytic kinetics if the adapting substrate is ultimately the source of the energy 
employed by the cell for all synthetic activities including enzyme formation. 
Under such circumstances obviously the more enzyme present, the greater 
would be the rate of substrate utilization, the greater therefore the rate of 
energy generation, and consequently the more rapid the transformation of 
precursor protein into enzyme. As a consequence the kinetics of enzyme 
appearance would be autocatalytic no matter what the details of the syn¬ 
thetic mechanism of enzyme formation. 

The third hypothesis presupposes that a normal distribution of rates of 
adaptation exists in the population being adapted. Such distributions, 
if of the proper numerical type, could give the S-shaped curve observed 
for the activity of the population as a whole. The fourth hypothesis as¬ 
sumes that the enzyme-forming system in the cytoplasm is a self-duplicat¬ 
ing one. 

No definitive decision in favor of any one of these hypotheses can be 
made at present. The available information to be detailed in subsequent 
^ctions makes some of them unlikely. In particular, the first hypothesis 
is inconsistent with experiments demonstrating competitive interaction 
between enzyme forming systems. Two experimental findings more or 
less vitiate the explanatory value of the second hypothesis which depends 
on energy supply by adaptive metabolism of the substrate. One is the 
autocatalytic nature of adaptations to substrates yielding very little free 
energy (e.g., the hydrogenylase system). The second is that autocatalytic 
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curves are found even when endogenous reserves are the primary energy 
source as in the case of aerobic adaptation to galactose by yeast.” 

VI. The Relation of Enz3miatic Adaptation to Cellular Metabolism 

Interpretation of the relative synthetic complexity of enzymatic adapta¬ 
tion would clearly be greatly influenced by the answer to the question of 
whether or not the process requires energy. The fact that in many cases 
in the bacteria adaptations do not occur in the absence of growth indicates 
a rather close link between synthetic capacities and enzymatic adaptation. 
Such results are, however, not conclusive since one cannot be certain that 
this correlation may not be a secondary consequence of the conditions 
which obtain in an actively growing cell. Actual utilization of the energy¬ 
generating mechanism of the cell for the specific adaptation cannot be 
demonstrated under such circumstances. Here again, the employment of 
systems which exhibit the phenomenon of adaptation in resting cells 
possesses obvious advantages for the design of experiments intended to in¬ 
vestigate such problems. In addition, it is clearly important to use an 
adaptive enzyme system for which the evidence is reasonably certain 
that the appearance of enzyme activity is associated with apoenzyme 
modification. 

In the usual experimental procedures employed in the study of enzymatic 
adaptation in yeasts, the cells are suspended in a buffer solution containing 
the adaptive substrate. Under such conditions therefore, except for endog¬ 
enous reserves, the adaptive substrate is the sole source of carbon energy. 
Early investigations have demonstrated^ that under such conditions the 
presence of oxygen greatly stimulates the adaptive process and in some 
cases is essential to its occurrence. Presumably then, some type of aerobic 
metabolism is the primary source of energy in these instances. A subse¬ 
quent investigation^® of the galactose system revealed that this require¬ 
ment for oxygen was confined primarily to the initial period of adaptation. 
If an adequate amount of adaptive enzyme is built up by the previous 
aerobic incubation, subsequent anaerobic contact with substrate leads 
to the formation of more enzyme. This was interpreted to indicate that 
sufficient enzyme had been formed in the presence of oxygen to permit the 
cells to utilize the adaptive substrate anaerobically as a source of energy 
for the formation of more enzyme. 

The rather marked stimulatory effects of oxygen on the onset of galac¬ 
tose fermentation by baking yeasts led early investigators to the conclusion 

** S. Spiegelman, Mechanisms of Enzymatic Adaptations in Yeast. Thesis, Wash¬ 
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that this effect is due primarily to an “activation” of the galactozymase 
system. The mechanism presumably invoked is the oxidation of some 
component necessary for the functioning of the galactose fermenting sys¬ 
tem. Such an explanation must perforce leave the mechanism of activation 
vague as to the nature of the component activated. In addition it ignores 
completely the role of substrate. 

A more satisfactory solution to the problem of why aerobiosis is quite 
generally required to initiate the adaptive process in yeast was suggested 
by the finding that intact yeast cells of certain strains cannot utilize their 
carbohydrate reserves anaerobically.®* ®’ These reserves can, however, be 
readily oxidized aerobically. Assuming that the adaptive process does 
require energy, it is not surprising to find that adaptation is difficult when 
initiated under anaerobic conditions, since under these circumstances 
neither the exogenous adaptive substrate nor the endogenous reserves are 
utilizable as sources of energy. Aerobically, however, the cells can metab¬ 
olize the endogenous carbohydrate and use the resulting energy to form 
the adaptive enzyme. 

This suggestion led to a more extensive investigation into the relation 
between the level of aerobic endogenous respiration and adaptability to 
galactose and maltose fermentation.®* It further suggested the desirability 
of determining whether the aerobic endogenous metabolism could be 
replaced as an initiator of adaptation by supplying a suitable substrate 
which could be utilized as a source of energy under anaerobic conditions. 
It was found that the addition of any fermentable substrate such as glu¬ 
cose led to rapid anaerobic adaptation to either galactose or maltose. Fer- 
mentability was the sole criterion of usefulness for an exogenous substrate 
in aiding the adaptive process anaerobically. 

A seeming contradiction to this general point of view was found in the 
case of galactose adaptation. Cells which were depleted of their endogenous 
reserves by prior dissimilation under aerobic conditions were still found to 
be capable of adapting to galactose aerobically. Since the respiratory levels 
achieved in these experiments were extremely low, the question immedi¬ 
ately arose as to what was the primary source of energy in these cases; 
presumably the adaptive substrate itself could not be used as a source of 
energy. Thorough analysis of this apparent discrepancy led to the dis¬ 
covery****®® that the adaptation to galactose consists primarily in building 
up an enzyme system required for its fermentative utilization. The un¬ 
adapted cell possesses an enzymatic apparatus permitting immediate aero¬ 
bic utilization of the carbohydrate. In the absence of effective endogenous 
respiration, this pre-adaptive utilization of the substrate provides the en- 

*• T. J. B. Stier and J. N. Stannard, J. Oen. Physiol. 19,479 (1936). 

‘*8. Spiegelman and M. Nozawa, Arch. Biochem. 6, 303 (1946). 

•• 8. 8pieKelinan, J. M. Reiner and R. Cohnberg, J. Oen. Physiol. 31, 27 (1947). 



6. MODERN ASPECTS OF ENZYMATIC ADAPTATION 


283 


ergy required for the formation of the fermentative adaptive system. 
One consistent feature in all these experiments was the fact that none of 
the endogenous and exogenous energy sources which were investigated 
would facilitate the adaptation unless the adaptive substrate was present 
while these sources were being utilized. 

A more subtle demonstration of the connection between enzymatic 
adaptation and metabolism involves the use of metabolic poisons capable 
of dissociating synthetic activities from the energy-generating mechanisms 
of the cell. Care must, however, be exercised in such experiments to avoid 
the use of inhibitors which suppress the activity of the adaptive system 
being studied. Thus for example, the fact that it was demonstrated®* 
that such inhibitors as sodium fluoride and iodoacetic acid prevented aero¬ 
bic adaptation to galactose fermentation in yeast is not particularly in¬ 
formative, since their presence would prevent the expression of the adap¬ 
tive enzyme system even if it were formed. Another case in point is the 
recent demonstration®® of an apparent inconsistency in the response of 
galactose adaptation to arsenate and azide. A re-investigation®^ of this 
phenomenon revealed that arsenate acted as a specific inhibitor of the 
galactose metabolizing system. 

Similarly, in view of the results cited, it would not be particularly useful 
to employ inhibitors which interfere with over-all metabolic processes. 
Thus, for example, the demonstration®* that sodium azide (NaNs), or 
NaCN inhibit the aerobic adaptation to galactose does not tell us any more 
than that active respiratory activity is necessary for the onset of the 
process in the absence of a fermentable substrate. 

The first indication that it was possible to dissociate metabolic activity 
from enzymatic adaptation appeared in the classic investigations of Die- 
nert*® into the nature of galactose adaptation in yeast. He demonstrated 
that borate, although not inhibitory to the adaptive system once formed, 
was capable of preventing its appearance. The exact interpretation of this 
result must await a more detailed examination into the mechanism of 
action of borate. Monod®* employed 2,4,-dinitrophenol (DNP) to demon¬ 
strate that adaptation of E, colt to lactose and xylose could be dissociated 
from aerobic respiration. Unfortunately, a clear-cut interpretation of these 
results is complicated by the fact that Monod’s investigations employed 
systems in which the adaptation could not occur in the absence of cell 
division. It is not completely certain that the effect of DNP on the adap¬ 
tive system may not be an indirect consequence of its effect upon the capac¬ 
ity for growth. 
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Early investigations**’*^ with sodium azide demonstrated that this sub¬ 
stance can block the anaerobic assimilation of glucose and of ammonia at 
concentrations which do not suppress the over-all fermentation rate. In 
addition, it has been demonstrated'* that this compound inhibits embryo¬ 
nic developmental processes which do not depend upon aerobic respiration. 
Similarly, azide inhibits anaerobic adaptations to galactose and maltose 
by yeast.** Attempts*^ to elucidate the mechanism of action of azide led 
to the conclusion that it functioned by interfering with the transfer of the 
energy-rich phosphate formed by the coupled oxidation of phosphoglyceral- 
dehyde to diphosphoglycerate. Under anaerobic conditions this represents 
the primary energy generating mechanism of the yeast cell and it is not 
surprising therefore to find that this agent interferes with all s}rnthetic 
activities that have thus far been investigated, including enzymatic adap¬ 
tation. A reinvestigation** of the effect of arsenate, which also acts at 
the same enzymatic locus, revealed that it had the same capacity as azide 
to dissociate anaerobic glycolysis from enzjrmatic adaptation. 

Monod and Wollman** have performed an interesting and suggestive 
experiment which exhibits a more complicated case of dissociation of syn¬ 
thetic activities of a specific kind from tho.se involved in enzymatic adapta¬ 
tion. They demonstrated that E. colt which were infected with bacterial 
viruses immediately lost their capacity to form adaptive enzymes. This 
again may, however, be connected with loss of capacity for growth since 
virus-infected bacteria cannot undergo cell division subsequent to the in¬ 
fection. 

In general, all these results are consistent with the conclusion that enzy¬ 
matic adaptation requires not merely the operation of an intact over-all 
metabolism but in particular a functional and utilizable energy-generat¬ 
ing mechanism. In fact, a recent investigation,®* which sought to establish 
the energy levels required for various synthetic processes, revealed t.haf 
enzymatic adaptation was the most sensitive of those investigated. In¬ 
creasingly severe interference with the energy-generating step of the gly¬ 
colytic cycle resulted in a loss of the capacity to form adaptive enz3rmes 
before the assimilation of nitrogen and carbon were seriously curtailed. 

That some relation exists between enzymatic adaptation and nitrogen 
metabolism is indicated by the fact that the majority of enzymatic adap¬ 
tations will not take place unless the cells are in a complete medium con- 
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tsining a source of available nitrogen. A more direct demonstration was 
made possible by the use of yeasts which can adapt in the absence of exog¬ 
enous nitrogen. Thus it was shown^° that the level of enzymatic activity 
attained and the rate at which it was reached were considerably increased 
in the presence of an exogenous source of nitrogen. In addition, it was ob¬ 
served that any agent or condition which stopped the assimilation of nitro¬ 
gen simultaneously interfered with the capacity of the exogenous nitrogen 
to stimulate the adaptive process. 

Vn. Interactions between Enzyme-Forming Systems 

The existence of enzymatic adaptation presents immediately the pos¬ 
sibility of inquiring into the nature of the precursor transformed into active 
apoenzyme. There are three cardinal facts which may be employed as a 
point of departure for the further experimental analysis of this question: 

1) The process requires energy. 

2) Exogenous nitrogen stimulates the rate and extent of adaptation. 

3) Exogenous nitrogen is not necessary in certain instances. 

The last situation implies the presence within the cell of material which 
can, under the influence of substrate, be converted into active apoenzyme. 
The question, of course, centers around the nature of this material, and 
there are several possibilities which can be entertained. There may be a 
storage of enzymatically inactive protein capable of being transformed into 
a variety of different active apoenzymes. On the other hand, this inactive 
protein may be already so highly specified that it can be transformed only 
into one particular enzyme analogous to the pepsinogen to pepsin trans¬ 
formation. The third possibility is that no such storage of enzjrmatically 
inactive protein exists, but that the protein of existing cellular enzymes is 
employed under certain conditions for the formation of a new enzyme. 

The first indication of what may actually be involved emerged from 
Monod's^* brilliant investigations into the nature of the growth curve of 
bacterial cultures. This investigator was primarily concerned with eluci¬ 
dating the factors which determine the various phases of the growth cycle, 
and in particular the lag phase. His experiments clearly indicated that at 
least under certain circumstances the determining process involves the 
formation of a particular enzyme. 

Monod was able to exhibit a successive appearance of enzymes in cul¬ 
tures exposed to a mixture of two or more carbohydrates in limiting con¬ 
centrations. A new enzyme system appeared when the first substrate 
attacked became exhausted. The lag period between the exhaustion of the 
first substrate and the appearance of enzymatic activity against the second 
is the basis for his “diauxie” phenomenon. It is quite evident that diauxie 
would not be observed if the cells were capable of making simultaneously 

S. Spiegelman and R. Dunn, J* Gen. Physiol. 31, 153 (1947). 
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the enzymes required for the metabolism of both carbohydrates. It is 
important to note for later reference that these experiments were done with 
growing cultures in which exogenous nitrogen was obviously present and 
that even under such circumstances, the severity of the effect amounted 
to almost a mutual exclusion phenomenon. Only one enzyme system ap¬ 
pears to be formed at a time. 

Monod interpreted these findings in terms of competition between the 
two adaptive substrates for the same precursor protein molecules which 
he called ^‘pre-enzymes.’* The basic assumption was that a pre-enzyme 
could be converted into a variety of enzymes depending upon the sub- 



Fig. 1. Simultaneous adaptation to galactose and maltose. B is the curve obtained 
of galactozymase activity when the suspension is incubated in the presence of galac¬ 
tose only. D is the corresponding control curve for maltozymase activity. A and C 
are curves of galactozymase and maltozymase activities respectively when both are 
being induced simultaneously. 

strate with which it combined. These views were later modified^ to conform 
more closely to interpretations of results obtained with yeasts to be de¬ 
scribed presently. 

The existence of interactions between adaptive enzymes similar to those 
described by Monod was discovered independently in the course of an in¬ 
vestigation®'^® with yeasts designed to elucidate the nature of the pre¬ 
cursor. The phenomenon can be illustrated by the results of a typical ex¬ 
periment in which an attempt was made to adapt cells simultaneously to 
two substrates, galactose and maltose. Curves B and D of Fig. 1 represent 
the control suspensions in which the adaptation was occurring in the pres¬ 
ence of only one of the two substrates, B representing the galactose curve 
and D the maltose one. Curves A and C record the increasing galactozy- 
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mase and maltozymase content respectively of the experimental flasks in 
which the cells were in. contact with both substrates. 

From the comparison of Curves A and B, it can be seen that the presence 
of maltose has little, if any, effect on the progress of the adaptation to galac¬ 
tose. However, the presence of galactose has a severely inhibitory effect 
on the formation of maltozymase as may be seen from a comparison of 
Curves C and D. While some maltozymase can form in the galactose- 
maltose mixture in the early part of the curve, the level observed is far 



Fig. 2. Simultaneous adaptation to galactose and maltose in the presence of exog> 
enous nitrogen. A and C are control curves of maltozymase and galactozymase respec¬ 
tively when each is being induced separately. Curve B is the maltozymase activity 
attained in a cell in which galactozymase is simultaneously being induced. 

lower than that obtained in the control suspension which is adapting only 
to maltose. Further, the progressive increase in galactozymase content is 
paralleled by a sharp drop in the maltozymase activity. 

Some indication of the basic nature of this interaction may be gained 
from experiments examining the effect of exogenous nitrogen on its sever¬ 
ity. A typical result is illustrated in Fig. 2. Curve A of this figure is the 
control curve for maltose adaptation in the presence of maltose with added 
nitrogen. Curve B represents the maltozymase measurements in the ex¬ 
perimental culture in which the cells were in contact with the two substrates 
in the presence of added nitrogen. Comparing Curve B of Fig. 2 with Curve 
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C of Fig. 1, we see that the availability of an exogenous source of nitrogen 
has several striking effects. It raises considerably the attainable level of 
maltozymase in a culture which is simultaneously adapting to galactose. 
It also prevents considerably, although not completely, the destruction of 
the maltose-^fermenting system which usually accompanies the appear¬ 
ance of active galactose-fermenting capacity in the cell. 

These experiments indicate that the interaction between the two adap¬ 
tive enzyme systems is one based primarily on the competition for some 
nitrogenous component. The existence of such competitive interactions 
between adaptive enzymes suggested the possibility that such interactions 



Minutes 

Fig. 3. Interaction between galactozymase and glucozymase during adaptation 
to galactose in the absence of an exogenous source of nitrogen. Curve A is gluco¬ 
zymase in an unadapting control; curve B is the glucozymase during adaptation to 
galactose; curve C shows the appearance of the galactozymase enzyme. 

may not be peculiar to this particular class of enzymes, and might well 
be observed with the so-called “constitutive enzymes.” If this were the 
case, it would explain the capacity of some cells to form new enzymes in 
the absence of an exogenous nitrogen source since, under such circum¬ 
stances, the cell could draw upon existing enzymes as a source of protein. 

Experiments designed to test this reveal that a situation of this kind 
does indeed exist.’® Figure 3 illustrates some typical results. In this experi¬ 
ment, the effect on the glucozymase system of adaptation to galactose is 
examined. The experiment was performed by incubating yeast cells in a 
phosphate solution of galactose, and at intervals removing samples for 
simultaneous determinations of glucozymase and galactozymase. It is 
evident from Curve B of Fig. 3 that the appearance of galactozymase is 
accompanied by a fall in the glucozymase activity. That this interaction 
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effect is quite similar to those observed with the adaptive enzymes and 
involves the foimation of a nitrogenous compound is strongly supported 
by the fact that if the same experiment is performed in the presence of 
exogenous nitrogen, the fall in glucozymase activity is not observed. 

These and similar results would appear to offer fairly definite informa¬ 
tion relative to the question of protein source of the formation of enzyme. 
If an external source of nitrogen is present, it will be employed. In its 
absence, existing enzymes are drawn upon as a source of protein to form 
the enzyme being induced by substrate. Further supporting evidence that 
the phenomenon of enzymatic adaptation is closely connected with the 
protein content of the cell is provided by recent experiments reported by 
Virtanen and DeLey.^^ Enzymatic activity of intact cells and the ease of 
enzyme formation were found to be closely correlated with the protein 
content of the cell. 

Vm. Consequences of Competitive Interactions between Enzyme-Forming 

Systems 

The observations reported by Monod and those stemming from inves¬ 
tigations of enzymatic adaptation in the yeasts establish that competitive 
interactions do exist between enzyme forming systems. The results with 
yeasts would appear to indicate that the competition is for some nitrog¬ 
enous compound. There are several immediate consequences of some 
theoretical value for the further experimental analysis of the phenomenon. 

1. The Interpretation of the Kinetics of Adaptation 

As was pointed out in the section w^hich discussed the kinetics of enzy¬ 
matic adaptation, one perhaps easily accepted view of the fact that the 
process follows an autocatalytic law is that it is akin to the transformation 
of pepsinogen to pepsin. On the basis of this assumption, one would sup¬ 
pose that, for example, in the adaptation to galactose there existed a cer¬ 
tain amount of inactive precursor of the galactozymase system. In the 
presence of galactose, this precursor would presumably be transformed 
autocatalytically into active enzyme with the aid of energy supplied by 
cellular metabolism. A transformation of this kind would, however, neces¬ 
sarily involve a highly specific precursor protein which could hardly be 
assumed to have other enzymatic function or be transformable into any 
other enzyme but galactozymase. Consequently, its conversion into active 
galactozymase would scarcely be expected to influence the activity levels 
of other enzyme systems. Neither would it be expected that one would 
observe the kind of competitive interactions which would seem to be 
occurring during simultaneous adaptations to maltose and galactose. The 
existence of these interactions would appear therefore to preclude any 

A. I. Virtanen and J. DeLey, Arc^. Biochem. 16,169 (1948). 
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hypothesis which involves the transformation of protein molecules from 
inactive units which are already so highly specified that their potential 
activities are rigidly determined. It seems reasonable therefore to elimi¬ 
nate the pepsinogen to pepsin conversion as a plausible generalized model 
for enzymatic adaptation or its kinetics. This, of course, does not imply 
that it is impossible that apparent enzymatic adaptations may not be 
found which would conform to this particular kind of model. 

2. On the General Nature op the Interaction 

It is at present impossible to say at what level the actual competitive 
interaction exists. That the nature of the interrelation between the en¬ 
zymes of a cell is complex is certainly to be expected. The available data on 
the interaction emphasizes the fact that the amount of existent enzyme 
activity which disappears in a given interval bears no simple quantitative 
relation to the amount of new enzyme which is formed during the same 
interval of time. This fact would certainly rule out any hypothesis which 
assumes simple conversion of one enzyme molecule into another. A simple 
one to one relation of this kind between the disappearance of one enzyme 
and the appearance of another would only be expected under conditions 
where, for example, two enzymes have the same prosthetic group which was 
being transferred from one to the other. 

The most probable situation to be expected would be one in which the 
formation of a particular enzyme would involve interactions with a whole 
series of enzymes, the component parts of which are utilizable in its con¬ 
struction. Presumably certain enzymes would be preferentially used and 
as these fall below certain critical values others would be drawn upon to 
supply the material required for the formation of the enzyme being induced. 
If sufficient information were available, it should in principle be possible 
to provide an ordered classification of the enzymes within a cell based on 
the presence or absence of their interaction and its extent. This could well 
provide an enzyme classification of greater biological significance than 
that based on substrate specificity alone. 

The severity of interaction between two given enzyme systems should 
depend not only upon the similarity of their constitutions but also on the 
comparative ability of the systems which form them to compete with each 
other for material. It is well to remember that the synthesizing and com¬ 
petitive ability of a particular enzyme-forming system might well be ex¬ 
pected to vary from one strain to another. 

3. Constitutive and Adaptive Enzymes 

It was of no little theoretical importance to find that interaction effects 
could also be observed with one of the so-called “constitutive” enzymes. 



6. MODERN ASPECTS OP ENZYMATIC ADAPTATION 


291 


Karstrom^* designated as ^‘adaptive” those enzymes which are produced as 
a specific response to the presence of an homologous substrate. Such en¬ 
zymes were differentiated from the “constitutive” ones which are always 
formed by the cells of a given species regardless of the presence or absence 
of their homologous substrates. It has repeatedly been pointed out' ® that 
it seems doubtful whether classification into adaptive and constitutive 
enzymes is particularly valid, implying as it does some sort of qualitative 
difference in origin and function between the two. Accumulation of data 
on enzymatic variation in microorganisms puts increasing strain on the 
applicability of this kind of classification. Enzymes which have been 
labeled constitutive have been found to undergo wide fluctuations in the 
presence and absence of their substrates. 

In connection with the general problem of classifying enzymes on the 
basis of their response to the presence or absence of their homologous sub¬ 
strates, there are certain important considerations which must be borne 
in mind. When we say that a given enzyme system, for example, galacto- 
zymase, is purely adaptive, we mean operationally that no galactozymase 
is found in the cell unless galactose is put into the medium. This is to be 
compared with the situation in the case of glucozymase in which the addi¬ 
tion of glucose as such to the medium is not necessary for the appearance 
of glucozymase activity in the cell. It is clear however that this distinction 
may lose much of its meaning if the cell can manufacture glucose from 
the nonglucose compounds that we add. Actually, all the biochemical 
evidence indicates that this is precisely the condition that prevails in the 
case of galactose fermentation. Polysaccharides of glucose and interme¬ 
diates of glucose metabolism have been found in cells which have been 
metabolizing galactose. Thus, even if glucozymase were a completely 
adaptive system, it would not be expected to disappear when the cell is 
metabolizing galactose, since the substrates of the glucozymase system 
are always present. To conclude therefore that glucozymase is a constitu¬ 
tive enzyme (that is to say, its formation is independent of the presence 
or absence of substrate) because it is found in cells which are metabolizing 
galactose, maltose, or some other carbohydrate, is not particularly mean¬ 
ingful. 

In general then, whether an enzyme is classified as adaptive or constitu¬ 
tive may have little to do with any inherent capacities of the enzyme itself. 
The critical factor may well be whether or not the cell can synthesize the 
homologous substrate. Thus, in operational terms, a particular enzyme 
could be classified as adaptive only if the experimenter were in a position 
to control the presence or absence of the homologous substrate in the sys¬ 
tem. To do this, one must either deal with substrates which the cell cannot 

H. Karstrdm, Ergeh. Emymforach, 7,350 (1937). 
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synthesize, or one must be able differentially to prevent the appearance of 
some substrate normally formed by the cell. The first of these two condi¬ 
tions has been the one thus far employed in the study of adaptive enz 3 rmes. 
It is not an accident that these studies have, for the most part, concerned 
themselves with enzymes not involved in catalyzing a step in the middle 
of a cyclic process. Enzymes so employed have their substrates made for 
them by the preceding step in the cycle. However, with enzymes like 
maltozymase or galactozymase, which introduce their substrates into a 
cyclic process, precise experimental control of concentration levels of sub¬ 
strate is possible. 

There is a further consequence of these concepts which is of no little 
importance. If one provides the cell with a substrate A, which has to un¬ 
dergo several reactions before it can be introduced into an enzyme cycle 
which is already established, then clearly, several adaptations have to 
occur. This is undoubtedly the case with adaptation to galactose fermen¬ 
tation. The evidence is very strong that at least three enzymatic steps must 
occur before galactose is converted to an intermediate which is common to 
the glucozymase complex. Consequently, the adaptation probably in¬ 
volves the formation of three enzymes. As has been pointed out,“ this raises 
no real difficulty. Galactose will induce the enzyme which will convert it 
to the next intermediate. The latter can then act as an adapting substrate 
to stimulate the formation of the second enzyme in the chain, and so on. 
Thus, the addition of one substrate could ultimately provide a whole 
series of substrates for the induction of a whole series of enzymes. 

Stanier’* recently published an ingenious application of these concepts 
to a method for examining metabolic pathways. As developed by Stanier, 
the basic idea underlying this procedure may be summarized as follows: 

1) If the dissimilation of a given substance A proceeds through a series 
of intermediates, B, C, D, E, F, G, etc., and if the individual steps in this 
chain of reactions are under adaptive enzymatic control, then growth on 
a medium containing A will produce cells that are simultaneously adapted 
to A, B, C, D, E, F, G, etc. 

2) If growth on A fails to adapt the cells to a postulated intermediate X, 
then X cannot be a member of the reaction chain. 

3) Growth on E will adapt the cells to F, G, etc., but not necessarily to 
A, B, C, and D. The probability that growth on E will adapt the cells to 
some intermediate preceding it in the reaction chain decreases with the 
number of intervening steps, that is to say, simultaneous adaptation to D 
is more probable than to A. 

This method of simultaneous adaptation has been used successfully in 
the study of the bacterial oxidation of aromatic compounds,^® the par¬ 
ticipation of a tricarboxylic acid cycle in the oxidation of acetate by Azo- 

« R. Y. Stanier, J. Bad. 64, 339 (1947). 
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tobacter agilis,'’* the feasibility of suggested intermediates in nitrogen fixa¬ 
tion,and finally to investigate the utilization of uronic acids by E, coli.’’* 

9 

4. Factors Controlling Stability of Enzymatic Pattern 

It is natural when speculating on the nature of the factors which deter¬ 
mine the maintenance or modification of enzymatic constitution to sup¬ 
pose that one which must be considered is the relative stability of the 
individual enzyme molecule. This viewpoint is often extended to explain 
how certain agents can modify enzyme content. Thus, for example, most 
attempts to explain both the inducing and stabilizing effect of substrate in 
the phenomenon of enzymatic adaptation have assumed that the enzymes 
involved are unstable in the absence of substrate. Thus, the presence of 
substrate is necessary to allow the cell to accumulate the appropriate en¬ 
zyme, and on the removal of substrate the accumulated enzyme molecule 
is presumed to spontaneously break down with a consequent loss of activ¬ 
ity. However, if such explanations are not to remain merely restatements 
of the experimental findings, a more precise concept of enzymatic stability 
must ultimately be provided. 

In view of the existence of competitive interactions, it is no longer a 
priori obvious that one is discussing the chemical stability of the enzyme 
molecule involved when the statement is made that a particular enzymatic 
activity disappears on removal of its substrate. Enzymatic stability in the 
cell and its dependence on substrate may well be determined primarily 
by competitive interrelations amongst the protein-modifying systems which 
are involved in forming enzymes. The inherent chemical stability of the 
enzyme as an organic molecule may have little to do with the question. 
The latter characteristic can be adequately studied only when the enzyme 
has been isolated in the pure state. Even then, it is by no means certain 
that the data obtained from such studies would be particularly relevant 
for the determination of those factors which control the behavior of this 
enzyme in the intact cell. 

We may, perhaps, make the point at issue more concrete by putting it 
in terms of a specific instance. The presence of galactose in the medium 
induces the appearance of a galactozymase system and the removal of the 
galactose under the usual conditions results in its disappearance. Two 
alternative hypotheses may be offered to explain these phenomena. 

1) The enzymatic component formed in response to the addition of 
galactose is a highly unstable protein molecule when uncombined with 
substrate. 

J. L. Karlsson and H. A. Barker, J. Biol. Chem. 176,913 (1948). 

R. H. Burris and P. W. Wilson, J. Baci. 62, 505 (1946). 

5. S. Cohen, J. Biol. Chem. 177,607 (1949). 
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2) The protein molecule is stable but the enzyme-forming system 
involved in its synthesis is a poor competitor for protein material in the 
absence of the substrate. This results in a loss to other synthesizing 
systems. 

The significance of the second hypothesis and its difference from the 
first can perhaps most clearly be seen in terms of an analogy to predator- 
prey relationships encountered in the ecology of higher organisms. The 
prey may be a perfectly stable biological unit so long as it is not forced to 
coexist and compete in the same biological space as the predator. It must 
be emphasized that these are not mutually exclusive alternatives since 
both mechanisms can, and probably do, function simultaneously in de¬ 
termining cellular enzymatic constitution. 

IX. The Stabilization of Enzymatic Patterns in the Absence of Substrate 

In order to assess the relative importance of competitive interation as 
compared with molecular stability of enzymes in the maintenance of enzy¬ 
matic patterns, an examination was made of the stability of enzyme under 
conditions in which competitive interactions were either completely abol¬ 
ished or greatly minimized.Since effective competitive interaction pre¬ 
sumably would occur only between actively synthesizing systems it would 
be expected that suppression of interaction would be attained with the 
aid of any agent or condition which inhibits enzyme formation to any 
considerable extent. 

One such condition, as has been mentioned previously, is fulfilled by sus¬ 
pending yeast cells under anaerobic conditions in the absence of a ferment¬ 
able substrate. It will be recalled that adaptive enzyme formation, under 
these conditions, either does not occur at all, or does so at a very low 
rate, from which it follows that competitive interaction among enzyme¬ 
forming systems should be sharply reduced. If such interactions are quan¬ 
titatively important in determining enzymatic stability, adaptive enzymes 
in the absence of substrate should be relatively stable under anaerobic 
conditions, provided no utilizable exogenous substrate is available. 

A comparison of this kind, between the aerobic and anaerobic stability 
of galactozymase in the absence of its substrate is shown in Fig. 4. Curve 
X records the behavior under anaerobic conditions, whereas Curve A was 
obtained in an aerobic experiment. It is clear from the comparison of the 
two curves that, in the absence of active metabolism, the presence of sub¬ 
strate is not necessary for the maintenance of the enzyme content of the 
cell. 

Another, and perhaps more significant, method of attaining a similar 
situation is provided by the use of NaNa which dissociates the energy- 
generation of anaerobic glycolysis from the energy-utilization for synthetic 
purposes. Again, if competitive interaction, rather than inherent molecular 
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instability, is the determining factor in maintaining enzyme pattern, it 
would be expected that a^ide should prevent the loss of existent enzyme 
activity. Furthermore, the stability obtained under these conditions should 
be independent of the substrate present in the environment. 

Figure 5 records the results of an experiment designed to test this expec¬ 
tation. The large circles in Fig. 5 represent the galactozymase activity 
values in controlled suspensions fermenting glucose in the absence of azide. 
The smaller circles show the behavior of the galactozymase in cells fer¬ 
menting glucose subsequent to the addition of azide. It is evident that in 
every instance the addition of the azide prevents any further enzyme dis¬ 
appearance and the suspensions maintain the activity reached at the time 
of the axide addition. 



Fig. 4. The stabilization of galactozymase by anaerobiosis in the absence of sub¬ 
strate. The rapid disappearance of activity under aerobic conditions (curve A) con¬ 
trasts with the marked stability appearing during incubation under N 2 (curve N). 

These results have been repeated with the maltose adaptive system, 
which behaves in a similar manner.®^ Both anaerobiosis and azide com¬ 
pletely prevent or markedly delay the disappearance of the adaptive malto- 
zymase system in the absence of maltose. Reiner®® recently published an 
instance which is in apparent contradiction to these findings. Arsenate is 
known to be capable of inhibiting synthetic activities. Reiner found, 
however, that the presence of arsenate, far from stabilizing galactozymase, 
apparently actually accelerated its disappearance. He concluded that en¬ 
ergy was necessary both for the formation and maintenance of the adaptive 
enzyme. This apparent discrepancy was resolved by a re-examination®® 
of this system which revealed that arsenate can specifically inhibit galac¬ 
tose metabolism. 

Evidently then, the same agents or conditions which effectively inhibit 
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the formation of new enzymes can, under certain conditions, also effec¬ 
tively prevent the loss of existent enzymatic capacities. It may be con¬ 
cluded from these results that the property of molecular stability can play 
a relatively minor role in controlling the maintenance of enzyme patterns 
in the case of certain enzymes in particular strains of yeasts. The extent, 
severity, and kind of competition, however, can determine the types and 
amounts of enzymes found in the cytoplasm. Whatever generalities these 
results may possess, it remains nevertheless true that theories of gene 
action or substrate action which seek to explain how these factors can 
exert control over enzymatic constitution must provide a mechanism 
whereby these agents can perform their functions by influencing the out- 



Fig. 5. The stabilization of galactozymase by NaNs during the anaerobic fermen¬ 
tation of glucose. The arrows indicate the activities at which NaNj was added. The 
small circles (solid lines) show that the addition of NaNa prevented further enzyme 
breakdown no matter at what level of enzyme activity the agent was added. The large 
circles (broken curve) show the loss of enzyme which occurs in the control suspension. 

come of the competitive interactions amongst the enzyme-forming sys¬ 
tems of the cell. 


X. The Role of Substrate 

The demonstration that substrate is unnecessary for the maintenance of 
the corresponding enzyme in the absence of competitive interaction forces 
one to consider less naive interpretations of the role of substrate. It sug¬ 
gests that the effect of substrate on the formation and stabilization of 
enzyme, during periods of active synthesis, may result from a capacity to 
augment the comparative synthetic capabilities of the enzyme-forming 
system involved. This would suggest that the presence of substrate is not 
a necessary condition for the formation of the corresponding adaptive 
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enz 3 rine. Under the usual conditions in which such adaptations are carried 
out, the formation of adapjtive enzymes in the absence of the correspond¬ 
ing substrate is not usually detected. However, if competitive conditions 
between the various enzyme-forming systems could be minimized, then 
in principle, each could form the enzyme of which it is capable, even in 
the absence of the corresponding substrate. 

The problem, from an experimental point of view, was to find the cor¬ 
rect condition for minimal competitive interaction in order to subject this 
concept to experimental test. Theoretically, one would suppose that such 
minimal conditions would be most likely to be obtained under conditions 
which were optimal for growth. The very fact that growth is occurring at 
a maximal rate suggests that all essential protein-synthesizing systems are 
functioning effectively, which in turn implies a suppression of inhibitory 
competitive interactions. If this be the case, it might be expected that the 
capacity of growing cells to maintain and form enzymes, in the absence of 
their corresponding substrate, would be observably greater than that of 
resting cells. 

Experiments bearing on this point were performed.The ability to form 
galactozymase in the absence of galactose was compared in cells which 
were permitted to increase at various rates. The results obtained are given 
in Fig. 6, in which are plotted the ratios of galactozymase activity ob¬ 
served to initial values against time. There are two measurements here of 
primary interest. One is the total enzyme activity indicated by a circle 
enclosing a T, and the other is the enzyme activity per cell, indicated by a 
circle enclosing an inclined line. The numbers placed next to each curve 
indicate the amount of increase which occurred in cell number in the cor¬ 
responding suspensions during the course of the experiment. 

It is seen that for both the slowly and rapidly growing suspensions, the 
enzyme activity per cell decreased markedly. The decrease is more marked 
in the case of a culture which experienced an 8.6-fold increase in cell 
number. However, the total amount of enzyme remained absolutely con¬ 
stant in the more slowly growing culture, and actually increased almost 
twofold in the suspension which was permitted to grow more rapidly. 
These are to be compared with total activity curves of the nondividing 
suspension in which rapid disappearance of the enzyme occurred. We have 
here, then, a remarkable instance of adaptive enzyme formation in the 
absence of substrate and strong support for the view that competitive 
interactions are dominant determinants of enzyme patterns. 

Of the experiments illustrating the dispensability of substrate in the 
formation and maintenance of adaptive enzymes when competitive inter¬ 
actions are absent or greatly ameliorated, no one is completely conclusive 
in itself. Taken together, however, they constitute a rather critical test 

S. Spiegelman and J. M. Reiner, 7. Qen, Physiol. 31, 175 (1947). 
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for any proposed mechanism of substrate action in the process of enzy¬ 
matic adaptation. It is clear that any proposed mechanism must explain 
not only the inducing capacity of substrate on enzyme formation, but must 
also explain the disappearance of the enzyme upon removal of substrate. 
In view of the experiments cited, any hypothesis of substrate action which 
has as its prime requisite the presence of substrate as a sine qua non for 
the formation or maintenance of the corresponding enzyme molecule, is 
inadequate to explain all the available facts. Hypotheses depending on 



Hours 

Fio. 6. The formation and maintenance of adaptive galactozymase by growing 
cells in the absence of galactose. Glucose was the carbohydrate source, and growth 
occurred in a complete medium (yeast extract-peptone broth). The designations 
(2.3 X) and (8.6 X) give the factor by which the initial number of cells increased 
during the experiment. The lowest curve shows the fall of enzyme activity in the 
absence of growth (medium: buffer plus glucose). The next two curves show the loss 
of activity per cell during increase of cell number; the more rapidly growing culture 
showed the most loss. The two uppermost curves show the total activity of the culture. 
They demonstrate the ability to maintain (slowly growing) and even to increase 
(rapidly growing) the initial enzyme activity in the absence of substrate under favor¬ 
able conditions. 

direct conversion or activation by substrate of a precursor molecule into 
enzyme are thus made unlikely. Similarly, the mass-action hypothesis, 
requiring the presence of substrate to shift the equilibrium position towards 
active enzyme, loses much of its explanatory attractiveness. 

There is one other point worthy of note, which is illustrated by the last 
experiment cited. Referring back to Fig. 6, it may be noted that in the two 
instances in which there was either no loss of enzyme, or an actual net 
formation of enzyme, there was nevertheless in both cases a loss of en¬ 
zyme activity per cell. This would indicate that though enzyme was being 
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formed, its rate of formation was not adequate to keep up with the rate of ‘ 
new cell formation, which led to a dilution of the enzyme in the cytoplasm 
of the new cells being produced. The existence of this asynchrony between 
enzyme formation and cell duplication should be borne in mind in inter¬ 
preting the results of enzymatic adaptation in growing cultures. It is con¬ 
ceivable that situations may arise wherein enzymatic adaptation cannot 
occur in the lag phase of the growth cycle simply because of the existence 
of this dilution effect. If this be the case, adaptation would be observed in 
such cultures only when the stationary phase is reached and the enzyme¬ 
forming systems can begin to catch up with the formation of new cells. 

Recently, Wainwright and Pollock^^ reported an instance of loss of enzy¬ 
matic activity per cell by a simple dilution effect. Such results do not 
necessarily indicate that there is no interaction between the adaptive en¬ 
zyme, nitratase, and the other enzyme systems of the cell. It is not im¬ 
possible that the conditions under which their experiments were performed 
were analogous to those obtaining in the last set of experiments cited with 
galactozymase, an enzyme system for which one can show severe interac¬ 
tion under the proper conditions. 

XI. Specificity Relations in Enzymatic Adaptation 

One characteristic of the phenomenon of enzymatic adaptation which 
has been greatly emphasized is the specificity of the response to a partic¬ 
ular substrate. Thus, if one exposes yeast cells to galactose under normal 
conditions, the enzyme system which is induced is the one concerned with 
the metabolism of this particular substrate. The investigations of Dubos, 
already noted, indicate that adaptations can be even more specific in the 
details of the reactions involved than those met with in immunological 
reactions. Mirick’s^^ investigations offer another indication that only sub¬ 
stances upon which the enzyme can act are capable of inducing its forma¬ 
tion. 

Not all cases of enzymatic adaptation are quite so rigidly specific. Die- 
nert^® was the first to offer a concrete instance in which a substance other 
than the homologous substrate possessed the capacity to induce a partic¬ 
ular enzyme. He demonstrated that yeast cells adapted to galactose were 
simultaneously adapted to lactose. The reverse situation was also found 
to be true: cells adapted to lactose were also adapted to galactose. Monod’'® 
found a similar situation in the case of lactose and galactose adaptation in 
E, coli. The fact that lactose-grown cells are adapted to galactose is not 
too surprising and may represent an instance of simultaneous adaptation 
in the sense of Stanier,^® providing the first step of lactose fermentation is a 
hydrolytic cleavage. The ability of galactose to induce the formation of 

S. D. Wainwright and M. R. Pollock, Brit. J. Exptl. Path. 30, 190 (1949). 

J, Monod, Colloquea Intern. Centre Natl. Recherche Set, 8, 181 (1949). 
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the adaptive lactose system is usually explained in terms of the capacity 
of a product to combine with the enzyme involved in its production. 
This combination is presumed to be sufficient to induce the production of 
more enzyme. This is obviously not a necessary conclusion since one can 
suppose that the cells can manufacture lactose from galactose by a mech¬ 
anism other than by a reversal of the lactose-adaptive system. 

The possibility, however, that galactose can directly induce the lactose 
system raises an interesting question for it presupposes that a compound 
which is not utilizable or upon which the enzyme cannot act is capable of 
inducing the enzyme. This possibility was tested in the case of maltose 
fermentation by S. cerevtszae. In agreement with previous investigators,*® 
it was found that fully adapted cultures possessed no measurable capacity 
to ferment maltose at pH values greater than 8.1. Accordingly, experiments 
were performed*^ in which maltozymase activity vras measured subse¬ 
quent to various periods of incubation wdth maltose at pH 8.5. In all cases, 
it was possible to demonstrate that the incubation period with the maltose 
under these conditions in which the maltose could not be utilized resulted 
in the appearance of enzyme as measured at a lower pH. The generality 
of this phenomenon was extended by experiments which demonstrated 
that unutilizable analogs can be used to induce specific enzymes. An 
example of this is the ability of a-methyl glucoside to induce the maltozy¬ 
mase system, the normal substrate of which is maltose. The analog, a- 
methyl glucoside is completely nonutilizable by the intact cell under the 
conditions of the experiment. Subsequent isolation*^ of the enzyme involved 
confirmed the fact that the adaptive enzyme formed in response to maltose 
has no capacity to split a-methyl glucoside. However, the fact that it, in 
common with maltose, contains the a-glucosidic link is apparently suffi¬ 
cient to enable it to combine and induce further synthesis of the maltozy¬ 
mase enzyme. It would appear, therefore, that the specificity of enzymatic 
adaptation can be broader than the specificity of substrate utilization. 

Xn. Genetic Implications and *^Long-Term Adaptation” 

A basic assumption of modem biology is that genes function by control¬ 
ling enzyme synthesis. From this point of view it is obvious that enzy¬ 
matic adaptation has profound implications for one of the central themes 
of biological thinking. 

The experiments which established that an apoenz 3 miatic change can 
occur without cell division signify that a modification of enzyme patterns 
can take place against a constant genetic background. The fact that a cell 

w J. Leibowitz and S. Hestrin, Biochem. J. 36,772 (1942). 

S. Spiegelman, J. M. Reiner and M. Sussman, Federation Proc. 6,209 (1947). 

** S. Spiegelman, M. Sussman and B. Taylor, Federation Proc. in press, (1950). 



6. MODERN ASPECTS OP ENZYMATIC ADAPTATION 


301 


possesses the gene required for the formation of a particular enzyme does- 
not thereby guarantee that the corresponding enzyme will be found in the 
cytoplasm of the cell. Theoretically then, no matter how complete our 
knowledge of the genotype of the cell may be, it is not possible on the basis 
of this information alone to predict the phenotype of a cell in terms of its 
enzymatic pattern. Furthermore, if such a prediction is impossible, pre¬ 
diction of phenotype from genotype on any other basis is equally uncertain. 

With this situation in mind, the statement “genes control enz 3 Tnes” 
does not, without further qualification, describe the actual situation. In 
view of the existence of the phenomenon of enzymatic adaptation, this 
statement should be rephrased to read, “genes determine the potentiality 
for enzyme formation.” Whether or not the enzyme is actually formed in 
the cytoplasm is apparently determined by other factors of which the 
presence of substrate can obviously be one. 

It is, of course, tempting to go beyond such general conclusions and en¬ 
deavor to arrive at a more particularized concept of the mechanism of 
gene action with the aid of the information gained from the study of enzy¬ 
matic adaptation. Such temptations were not long withstood. Using a term 
which had existed in the biological literature, Spiegelman proposed the 
“plasmagene” theory of gene function.*-* The basic assumption was the 
existence of self-duplicating units (plasma^enes) in the cytoplasm which 
were concerned with enzyme formation. These cytoplasmic units are pre¬ 
sumed to be generated from the genes continuously. Accordingly, the en¬ 
zyme patterns exhibited by a cell are determined by the competitive inter¬ 
actions which exist between these cytoplasmic units and the factors which 
influence the extent and severity of these interactions. The theory provides 
the requisite flexibility required to explain the cardinal fact of enzymatic 
adaptation, namely, that the gene is a necessary but not a sufEcient con¬ 
dition for initiating the formation of the corresponding enzyme. It further 
provides a mechanism for the function of substrate consistent with avail¬ 
able facts and explains the kinetics of the adaptive process. The com¬ 
petitive interactions between enzyme forming systems which have been 
experimentally exhibited receive a natural explanation in terms of the plas¬ 
magene concept. Monod' has proposed a modification of this theory which 
is designed to avoid the necessity of postulating a self-duplicating unit in 
the cell other than the gene. The available evidence does not as yet make 
it possible to be certain whether the self-duplicating model or some more 
restricted modification of it is the most adequate description of the situa¬ 
tion. In view of its future importance it is desirable to examine the nature 
of the attempts which have been made to solve this aspect of the problem. 

If enzyme synthesis is mediated by cytoplasmic self-duplicating units, 
enzyme formation should, in principle, be observable in the absence of the 
corresponding gene. Experiments were performed which were designed 
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primarily to test this prediction. The inheritance of the capacity to fer¬ 
ment melibiose in the segregants from a diploid derived from mating a 
genetic negative and a genetic positive were used in such studies. Some 
indications were obtained*^ that the presence of substrate during the segre¬ 
gation disturbed the normal 1 1 1 Mendelian ratios to be expected from such 
a heterozygote. Since only two out of every four such segregants pre¬ 
sumably possessed the gene, the fact that more than 50% were capable of 
fermenting melibiose and of transmitting this capacity to their progeny 
implied enzyme formation in the absence of the corresponding gene. The 
conclusiveness of these experiments was, however, disturbed by the fact 
that substrate was neither a necessary nor sufficient condition for the ap¬ 
pearance of non-Mendelian inheritance.** ®® ®^-*^ 

Subsequent to these investigations Winge and Roberts®® published a 
paper which confirmed many of the peculiarities observed in transmission 
of the capacity to form enzymes in yeasts. They concluded that their 
results confirmed the apparent ability of substrate to modify the Men¬ 
delian ratios expected in the segregation of a heterozygote. 

Winge and Roberts, however, proposed an entirely different explanation 
for these discrepant ratios, one which would appear to avoid completely 
the necessity for invoking the existence of any cytoplasmic determinants 
of enzyme formation. They point out that their own results, as well as those 
cited previously, are consistent with the concept that in the yeasts, crosses 
between negatives and positives with respect to the fermentation of par¬ 
ticular carbohydrates need not necessarily involve pure genetic negatives 
and positives (in the sense of complete absence of functional genes for the 
former and presence of fully functional activity for the latter). They would 
assume rather that one is dealing here with an instance in which a mating 
is being made between “slow’^ (the negative strain) and “fast^^ (the posi¬ 
tive strain) genes. On this basis, after sufficient time has elapsed it would 
be impossible to distinguish the two strains since both would exhibit full 
enzymatic activity. 

One may well question the necessity and the validity of the sharp dis¬ 
tinction drawn by these authors between what they call ‘‘biochemical 
adaptation*’ and “long-term adaptation.” Thus they state that the phe¬ 
nomenon they are studying “is not a question of enzymatic adaptation in 
the general biochemical sense, but involves the phenomenon which we call 
long-term adaptation and which, according to our opinion, is due to a 

” S. Spiegelman, C. C. Lindegren and G. Lindegren, Proc. Natl. Acad. Sci. 81, 
96 (1946). 

C. C. Lindegren, S. Spiegelman and G. Lindegren, Proc. Natl. Acad. Sci. 80, 
346 (1946). 

•» O. Winge and C. Roberts, Compt. rend. irav. lab, Carhberg ehr. physiol. 84, 263 
(1948). 
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gradually increasing production and accumulation of galactozymase in ’ 
the cells when galactose is present in the substrate.”*** 

It is evident from the above quotation that their concept of the mech¬ 
anism underlying “long-term adaptation” is no different from that pro¬ 
posed previously by many authors to explain what Winge and Roberts 
would call “biochemical adaptation.” It has generally been assumed that 
the period preceding the appearance of full enzyme activity represents 
the time required to accumulate sufficient enzyme for the expression of full 
activity. The only difference therefore between the observations as well 
as the interpretations of Winge and Roberts and those previously noted 
is a purely quantitative one involving the time required for the enzyme 
formation. 

Disregarding the question of terminology, there is no doubt that Winge 
and Roberts have made an observation of great importance and one which 
raises many problems. The first question which comes to mind is whether 
in their long-term adaptation, which involves growth and can take any¬ 
where from 7 to 13 days, one is perhaps not dealing with mutation and 
selection. Winge and Roberts examined this aspect of the problem, but 
unfortunately the experiments they performed were inadequate for a 
decision. 

Lindegren’* examined this question and came to the conclusion that 
mutation and selection were involved in such long-term adaptations. 
The basic evidence on which he based his conclusion consisted of the dem¬ 
onstration of heterogeneity within the population with respect to the 
capacity to give rise to adapted clones on galactose test plates. Such a 
situation would, however, obtain if a small proportion of the cells in the 
population were capable of adapting and of giving rise to adapted progeny. 
Variation in physiological capacities amongst a population homogeneous 
in genotype is not impossible. Consequently his evidence cannot be ac¬ 
cepted as conclusive.***’ 

A Delbriick-Luria analysis of this situation performed recently in the 
author’s laboratory indicates that no significant variance is obtained 
(unpublished experiments). The experimental conditions were such as to 
insure the meaningfulness of the absence of variance. It appears, therefore, 

••• O. Winge and C. Roberts, Compl. rend. Irav. lab. Carlsberg 298 sir. physiol. 24 , 
(1948). 

“'’Mundkur and Lindegren (Am. J. Botan. 36, 722,1949) present a DelbrOk-Luria 
analysis of long term adaptation to galactose. None of the conditions required for 
the adequate performance of this experiment were met by these authors. Calculation 
of the variance of the data presented reveals that it is almost identically equal to 
the mean, indicating therefore no more variance than would be expected from errors 
of sampling. Their data consequently are completely at'odds with the conclusion 
derived by these authors that mutation and selection are involved in the adaptation 
they analyzed. 
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that an adaptation is involved, at least in the sense that the heritable modi’- 
fication does not occur in the absence of the adaptive substrate. It is how¬ 
ever a slow adaptation not because of the reasons supposed by Winge and 
Roberts, namely that a slow gene is functioning in all the cells of the 
population, but principally because only a small proportion of the starting 
population is capable of undergoing the adaptation, and time is required 
for the growth of these cells before the biochemical characteristics of the 
population change. 

It is of interest to note that the hypothesis of Winge and Roberts is actu¬ 
ally inconsistent with some of the data which they themselves present. 
They distinguish between what they call a “slow” gene and a “fast” gene 
on the basis of the time required for a completely unadapted culture to 
adapt to a particular substrate. Operationally, by adaptation they mean 
the exhibition of active fermentation in an Einhom tube. 

Let us take a particular case for discussion and consider that we have a 
culture which requires seven days for the completion of the adaptation. 
Winge and Roberts would then presumably say that it took that period of 
time for the gene controlling galactozymase formation to mediate the 
synthesis of sufficient enz 3 ane per cell so that full activity could be ex¬ 
pressed. Let us assume, for the purpose of further analysis, that the pres¬ 
ence of 170 molecules of enzyme per cell is necessary for the expression of 
full enzyme activity. This would mean, then, that the slow gene is capable 
of forming one enzyme molecule per hour. When such a fully adapted cul¬ 
ture is now transferred into a fresh medium again containing the galac¬ 
tose substrate, it will begin to divide. For ease of calculation, we may take 
the generation time to be 1 hour. A bud receives roughly one tenth of the 
csrtoplasm of the cell from which it is derived. If we assume random dis¬ 
tribution of C3rtoplasmic components, a bud formed from the cell fully 
adapted to galactose would receive on the average 17 molecules of the 
galactozymase enzyme. On the hypothesis of slow gene action, this bud 
could synthesize only one enzyme molecule per hour. Consequently, by 
the time it is in turn ready to generate a bud, only 18 enzyme molecules 
would be available for distribution, and the second generation bud would 
receive only one or two enzyme molecules. It is clear that under such 
circumstances, the vast majority of cells produced would, in very few 
generations, contain few enzyme molecules. It might be added that, with 
these assumptions, this situation would eventually prevail irrespective of 
the absolute values assumed for rate of enzyme production and number of 
molecules required for full enzyme activity. 

We see then that the hypothesis of slovr gene action in a simple and un¬ 
modified form would lead one to predict that transfer of the fully adapted 
culture to fresh adapting medium would inevitably result in de-adaptation. 
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Further, one should never be able to either obtain or maintain the adapted 
state in a rapidly growing culture. 

This condition is, of course, contrary to the facts as described by Winge 
and Roberts. They point out that once a slow-adapting strain has become 
adapted, its subsequent behavior on transfer to the same medium is in¬ 
distinguishable from that of a fast-adapting culture. Furthermore, this 
property can be maintained indefinitely. In order for the fully adapted cul¬ 
ture to maintain its activity per cell during active cell division, it is evident 
that the rate of enzyme formation must be greater than that observed 
during the adaptation. 

One must apparently draw the conclusion from these results that two 
changes have occurred in the cells during the 7-day adapting period. One 
is, of course, that sufficient enzyme has accumulated for the exhibition of 
full enzymatic activity. The other, which is probably more significant, is 
that the rate of enzyme formation has been greatly increased as a result 
of the adaptation, since this augmentative capacity for enzyme formation 
is inherited. 

The problem is, of course, where to look for explanations for this strik¬ 
ingly different ability to synthesize enzymes, which is apparently passed 
on from one cell generation to the next. If a genic change is unlikely, as 
appears to be true in this case, it seems difficult to avoid implicating a cyto¬ 
plasmic modification as the basis for the explanation, thereby implying the 
existence of cytoplasmic determinants controlling enzyme formation. On 
the contrary, the results of Winge and Roberts lead to precisely the same 
conclusions as those derived from data obtained in the study of the fast- 
adapting strains of yeasts.^ * Both types of adaptation can be understood 
if one makes the basic assumption that the capacity to form a particular 
enzyme is determined by cytoplasmic conditions. In particular, the rate 
of formation of a given enzyme is an autocatalytic function of the amount 
of that particular enzyme present in the cytoplasm. 

Xm. Conclusion 

It is evident from the data summarized that relatively little can be said 
as yet concerning the biochemical details of the transformations under¬ 
lying enzymatic adaptation. The identification of the chemical nature of 
the components connected with conversion to active apoenzyme remains 
to.be accomplished. Some hints of a preliminary nature do exist. Thus, 
it is known as a result of tracer experiments with yeast that a marked 
stimulation of ribonucleic acid fraction accompanies enzymatic adapta¬ 
tion.***^ Further it has been possible to demonstrate the existence of 

** S. Spiegelman and M. D. Kamen, Science 104, 581 (1946). 

S. Spiegelman and M. D. Kamen, Cold Spring Harbor Symposia Quant, Biol, 
12, 211 (1947). 
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substances, (“adaptins’Oi associated with the ribonucleoproteins which stim¬ 
ulate adaptation.’ Further analysis along such lines should eventually 
enable us to specify concretely the nature of the precursor and the mecha¬ 
nism of its conversion to active enzyme. 

The results reported in the preceding section provide some general 
information concerning certain enzyme forming systems. On the basis of 
the available data we can be reasonably certain that at least in particular 
instances of enzymatic adaptation we are dealing with processes which 

a) can occur without a preceding change in genotype, 

b) lead to a modification in a protein component of the cell, 

c) require energy, 

d) are related to nitrogen metabolism, 

e) possess kinetics of the autocatalytic type, 

f) can competitively interact with other systems for nitrogenous com¬ 
pounds, or energy, or both. 

The above characteristics of enzymatic adaptation define the nature of 
the problem being studied in experiments on adaptive enzymes, providing 
the biological and enzymological criteria previously detailed are satisfied. 
Under these conditions enzymatic adaptation becomes an experimental 
tool which can extend the inquiries of enzymology beyond the questions 
of mere composition which constitute the primary goal of classical bio¬ 
chemistry. With the aid of this phenomenon it now becomes possible to 
inquire into the mechanism of the formation of the enzymes themselves. 
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I. Introduction. Specific and Nonspecific Inhibitions, Competitive and 
Noncompetitive Inhibition 

The knowledge of the chemical structure of enzymes in general and the 
kinetics of enzymatic reactions enables one to establish a classification of 
the types of inhibitions of enzymes and to understand in many cases the 
mechanism of these inhibitions. According to the theory of Michaelis and 
Menten,^ the most general in this field, an enzymatic reaction proceeds in 

^ L. Michaelis and M. L. Mbnten, Biochem. Z, 49, 333 (1913). 
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two stages: 

{1 ) One molecule of the enzyme unites with one molecule of the substrate 
to form the enz 3 nnie“substrate complex; this complex is in equilibrium, 
according to the law of mass action, with its constituents; 

The result of this union is, presumably, that the substrate molecules become 
more chemically reactive by some intramolecular changes. We say that the 
substrate is activated by the enzyme. This activation determines the 
second stage of the enzymatic reaction. 

(2) The unstable intermediate complex gives rise to the end products of 
the enzymatic reaction and the free enzyme molecule; 

ES ^ E -h R -f* Ri 


It is generally admitted that of these two stages the rate of formation of 
the enzyme-substrate complex is more rapid than its decomposition into 
the free enzyme and the reaction products R and Ri. 

The theory of Michaelis and Menten has lead to the definition of the 
so-called Michaelis constant, which in fact measures the affinity of an 
enzyme for its substrate and which is found in the Michaelis equation: 


F„„[S1 

K«+ [S] 


( 1 ) 


in which Km is the Michaelis constant, V the over-all velocity of the 
enzymatic reaction, Vmax the maximum value of this velocity, and [S] the 
substrate concentration. Km is in fact the dissociation constant of the 
enzyme-substrate complex and is numerically equal to the substrate con¬ 
centration for which the velocity is half the maximum value. We shall 
represent it in what follows by Kg, 

A more useful form of equation (1) has been introduced by Lineweaver 
and Burke,2 who pointed out that when one plots the reciprocal of velocity 
against the reciprocal of substrate concentration a straight line is obtained 
according to equation (2); 

1 ^ X. + [S] 

V F,.a,[S] 


or: 


1 _ 1 X. 1 

V Vmax Vmax [S] 


( 2 ) 


As results from Fig. 1 the slope of this straight line is KJVmax and its 
intercept on the l/V axis is equal to 1/Vmaxj whereas the slope/intercept 
equals X„ the dissociation constant of the enzyme-substrate complex. 


* H. Lineweaver and D. Burk, J. Am. Chem. Soc. 66 , 668 (1934), 
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It has been proved that the kinetic data for many enzyme reactions 
corroborate the theory of, Michaelis and Menten, but definite exceptions 
have been described. However, for most purposes equations derived from 
this theory are very useful and this is also the case when one aims at a 
better understanding of inhibition phenomenona. 

When one admits that a substrate combines with an enzyme by means 
of the ‘‘essential groups” or “active centers” of this enzyme, it is easily 
understood that any substance reacting with these essential groups will 
inhibit the enzyme. This will be due to the fact that there is no possibility 
for the enzyme to combine with or to activate its substrate. 



Fig. 1. Variation of reciprocal of velocity with reciprocal of substrate concentra¬ 
tion. 


Since enzymes are proteins, certain groups such as free carboxyl, amino, 
and sulfhydiyl groups will be common to many enzymes and the blocking 
of these groups will of course give rise to a rather nonspecific inhibition, 
although it might yield interesting results as to the nature of essential 
groups in enzymes. If the blocking or inhibiting agent is well chosen a re¬ 
versible “nonspecific inhibition” will be obtained. If the agent causes 
irreversible denaturation or destroys the enzyme the resulting irreversible 
inhibition will of course give little valuable information. 

In considering “specific inhibitions” we shall pay attention to those sub¬ 
stances blocking those groups conferring specificity on an enzyme, that is to 
say, to the active centers on which sf)ecificity is based and the coenzyme or 
prosthetic group responsible in general for the type of chemical reaction 
catalyzed by the enzyme. A study of these reversible and specific inhibi- 
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tions has revealed that at least two definite types should be distinguished, 
the ‘^competitive^* and the “noncompetitive.** 

II. Kinetics of Specific Inhibitions 
1. Competitive Inhibition 

A well known case of competitive inhibition is shown by some substrate 
analogs of succinic acid. Since in certain cases the specificity of an enzyme 
is only relative, the enzyme is capable of binding substances structurally 
related to the substrate or to the eoenzyme, e.g.y malonic acid instead of 
succinic acid* and pyridinesulfonic acid instead of cozymase by lactic 
dehydrogenase.^ The enzyme, t.e., succinic dehydrogenase, however is not 
able to activate these substances and the resulting inhibition is due to the 
fact that access to the active centers is hindered. A competition exists be¬ 
tween the substrate (or coenzyme) and the structurally related substances. 

Many enzymes are inhibited by the products of their own action be¬ 
cause these reaction products have a structural analogy with the substrate 
and compete with it for the active centers of the enzyme molecule. The 
kinetics of enzyme inhibitions we are considering, are based on the theory 
of Michaelis and Menten.^ Different authors have treated this aspect of 
the enzyme problem.* 

In competitive inhibition two reversible reactions are to be considered: 

(I) The formation of the enzyme-substrate complex: 

E -f- S ;=± ES 

{2) The formation of the enzyme-inhibitor (structurally related sub¬ 
stance) complex: 

E-|-I^=iEI 

If [S] is concentration of substrate, [I] the concentration of the inhibitor, 
[e] the concentration of the enzyme, [p] the concentration of the enzyme- 
substrate complex, [q] the concentration of the enzyme-inhibitor complex, 
K» the dissociation constant of the enzyme-substrate complex, and Ki the 
dissociation constant of the enzyme-inhibitor complex, application of the 

»J. H. Quastel and W. R. Wooldridge, Biochem, J. 22, 689 (1928). 
voN Euler, Ber. 76, 1876 (1942). 

* J. B. S. Haldane, Enzymes. Longmans, Green, London, 1930. 

• P. W. Wilson, in Elvehjem and Wilson, Respiratory Enzymes. Burgess, Minne¬ 
apolis, 1939. 

’ A. Hunter and C. E. Downs, /. BioL Chem, 167, 427 (1945), 

»E. R. Ebbrsole, C. Guttbntao, and P. W. Wilson, Arch. Biochem. 3, 399 
(1944). 

•A. Goldstein, J. Oen. Physiol. 27, 529 (1944). 

L. Hellerman, a. Lindsay, and M. R. Bovarnick, J. Biol. Chem. 163, 553 
(1946). 

T. S. Work and E. Work, Basis of Chemotherapy. Oliver and Boyd, Edinburgh, 

1948. 
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law of mass action yields the following equations: 

[SK[e] - [p] - [q]) = KAp] 
[IKle] - [p] ~ [q]) = KAq] 

and by eliminating [q]: 



The last equation gives no information as to the velocity of the reaction in 
the presence or in the absence of the inhibitor. Now it is clear that in both 
cases this velocity will be proportional to the concentration of the enzyme- 
substrate complex and, thus, if 

Vt is the velocity of the reaction in the presence of the inhibitor, v the 
velocity of the reaction in the absence of the inhibitor, and [po] the con¬ 
centration of the enzyme-substrate complex in the absence of the inhibitor: 

-- = and [pol = Ip] - (4) 

Vi [pj Vi 

Now another value for [po] can ejisily be found. Indeed if we consider the 
reaction in the absence of inhibitor, we can write: 

E + S ;=± ES 

If [e] is the concentration of the enzyme, [S] the concentration of the sub¬ 
strate, [p] the concentration of the enzyme-substrate complex: 

A^([e] - [p])[S] = KAp] 

([e] - [p])[S] = {K 2 /K,) Ip] 

([e] - [p])lS] = K.[p] 


In the last equation, K, is the dissociation constant of the enzyme-sub¬ 
strate complex. From it follows that: 


Ip] 


HIS] 
K. -1- IS] 


If we substitute this last value of Ip] for Ipo] in equation (4) we find: 


te]lS] 
K. 4- IS] 



le] _vK. + IS] 
Ip] IS] 


whence: 
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Substituting this value of [e]/[p] in equation (3) we obtain: 

mK. 


Ki 


[S] 




and: 


whence: 


Ki 


IS] 

[Hit. 


(K. + [S]) 


a - 0 


« , , K. ID 

v. " ^ Ki K. + IS] 


( 5 ) 


( 6 ) 


A useful transformation of equation (5) has been introduced by Hunter 
and Downs7 These authors substitute the value of Vi/v (the fractional 
activity) by a. Doing this, we obtain: 

IHa:. 


Ki = 


(K. + [S]) 


a-0 


and finally: 


If we now plot [I] 


[I] -+ 5^’ IS] 

1 — a Kg 


(7) 


1 - 


against [S] we obtain, asshown in Fig. 2 a straight 


line, its intercept on the [I] 


a 


1 


• axis being equal to Ki and the slope having 


the value KilK.. This figure makes possible calculation of Ki and K,. 


Equation (7) shows that [I] 


1 - a 


, which is numerically equal to the con¬ 


centration of inhibitor producing an inhibition of 50%, depends on the 
concentration of the substrate, the values of Ki and K, being constant. 


2. Noncompetitive Inhibition 

In this case there is no competition between the substrate and the in¬ 
hibitor and the degree of enz3rme inhibition is dependent solely on the 
amount of enzyme combined with the drug. The inhibitor attacks E and 
ES with equal affinity at a point not attacked by the substrate: 

and: 


ES -b I ESI 
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ESI is inactive and the dissociation constant Kai = Ki. The inhibitor 
combines with a grouping not essential for the formation of the enzyme- 
substrate complex but necessary for the substrate activation. 

In this case, a being the fractional activity, v</v, Hunter and Downs^ 
arrive at the equation: 

[I] - Ki (8) 

1 — a 

which in fact can be derived directly by applying the law of mass action to 
reaction: 

E + I El 

Assuming that the amount of inhibitor combined with the enzyme is 
negligible compared with the total amount of inhibitor present and if 



Fio. 2. Competitive inhibition 

[e] is the initial concentration of the enzyme, [q] the concentration of El, 
and [q]/[e] is i, the fractional inhibition: 

[I] ([e] - [q]) = Ki[q] 

III ‘-MfJal). K, 

[q] 

Since [q] = [e]i: 

III - Ki 

% 

Since i = I — a: 

[II - K, 

1 — a 
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If we plot [I] —— against [S] we obtain a straight line (as seen in Fig. 3). 
1 — a 

The intercept on the [I] —— axis equals Ki, The line runs parallel with 
1 — a 

the [S] axis, showing that the inhibition does not depend on substrate con¬ 
centration. From the figure the value of Ki can be deduced. 

3. Practical Determination of Type of Inhibition 

Umbreit, Burris, and Staufer^^ draw the attention to the fact that “the 
mere observation of the constancy of inhibition at one inhibitor concentra¬ 
tion and with varying substrate concentration should not be relied upon to 



Substrate Concentration, [S] 

Fig. 3. Noncompetitive inhibition 


establish the competitive or noncompetitive nature of the inhibitione.'’ 
They consider the application of the equations derived by Lineweaver and 
Burk^ to be a more reliable method. For competitive inhibitions these 
authors obtain: 


t; ^ 1 , K. [I] 
t;.- ^ Ki K, + [S] 


(9) 


This equation is the equivalent of equation (6). The velocity equation is, 
according to Ebersole, Guttentag, and Wilson*: 



where Vi is velocity at substrate concentration [S] in presence of the in¬ 
hibitor and F® maximum velocity in presence of the inhibitor. This equa¬ 
tion is obtained from equations (2) and (6). 


W. W. Umbreit, R. H. Burris, and J. F. Stauffer, Manometric Techniques 
and Related Methods for the Study of Tissue Metabolism. Burgess, Minneapolis 
1947, p. 122. ' 
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As we have seen in Fig. 1 when one plots the reciprocal of the velocity 
constant l/F against the reciprocal of the substrate concentration (in the 
absence of an inhibitor) a straight line is obtained with intercept on the 
1/7 axis equal to l/7ma*, the slope being Ks/V^ax and the slope/intercept 
equaling Jf,. 

As results from equation (9) in competitive inhibition, the intercept 
remains constant, but the slope is increased by 1 + ([1]//?,). The slope/in¬ 
tercept or apparent if, is increased by the same factor, i.e., 1 + ([IJ/ATi). 

In noncompetitive inhibitions: 



Fig. 4. Representation of competitive inhibition at different inhibitor concentra¬ 
tions. 


and the velocity equation is^: 


1 

Vi 



+ 


70 [S] 


) 


7® in this case equals Vmcx (1 + W/K), so that when plotting the reciprocal 
of the velocity constant against the reciprocal of the substrate concentra¬ 
tion a straight line is obtained but here the slope and the intercept are both 
increased by 1 + [l/Ki) and the slope/intercept equals /C,. 

Figs. 4 and 5 represent competitive and noncompetitive inhibition at 
different inhibitor concentrations. 

According to Burris, for practical purposes the velocity of the reaction 
has to be determined over as wide a range of substrate concentrations as is 
practical and at two or more concentrations of the inhibitor. The examina¬ 
tion of the graph 1/7 vs. 1/[S) will reveal the nature of the inhibition. Of 

course the method of Hunter and Downs,^ plotting [I] y—— against con- 
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oentration of the substrate, is also reliable. Fig. 6 represents the results 
obtained by these authors concerning the inhibition of arginase by ornithine 



Fio. 5. Carbon monoxide as a noncompetitive inhibitor of nitrogen fixation by 
Azobaeter vinelandii at different concentrations of inhibitor.' 



Fio. 6. Inhibition of arginase by ornithine and lysine (competitive) and by leu- 
cine, valine, isoleucine, and norvaline (noncompetitive).' 

and lysine on the one side and leucine, valine, norvaline, and isoleucine on 
the other. The diamino acids produce a competitive and the monoamino 
acids a noncompetitive inhibition. 
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4. Other Types of Specific Inhibition 
Ebersole, Guttentag, ajid Wilson* refer to Burk, who distinguishes be¬ 
tween two other types of inhibition in which the percentage inhibition also 
depends on concentration of substrate, but which differ from the strictly 
competitive type. 

In the ‘‘uncompetitive inhibition’^ the inhibitor combines with ES but 
not with E and the kinetic equation is: 



An example of this type is furnished by the combination of azide with the 
oxidized form of the Atmungsferment but not with its reduced form.^* 

A “quadratic inhibition” is also discussed but is of less interest for the 
present section. 

IIL Compilation of Examples 

As pointed out by Work and Work‘d in their excellent book, it is rather 
easy to distinguish between specific and nonspecific inhibitions, but only 
careful experiments in most cases allow one to decide if a specific inhibition 
belongs to the competitive or to the noncompetitive type. In many cases 
the necessary data obtained with pure enzymes are lacking and in the 
following compilation of examples we shall not make a categoric distinction 
between the two types. From the considerations it will, however, appear 
to which type the examined inhibitions belong. 

1. Inhibition by Cations {Inorganic and Organic) 

The toxicity to enzymes of cations, more especially of heavy metals, and 
of basic dyes and large organic cations, too, has been described in many 
cases. 

For heavy metals, Bersin^^ reports inactivation of amylase,^* and de- 
hydrases of Escherichia coW^] for silver ions he cites the inactivation of 
aminopeptidase,^^ asparaginase,'* dipeptidase,'* flavoprotein,** pancreas and 
liver lipase,'^ *' and urease.**'** 

“ R. J. WiNZLBR, J. Cellular Comp. Physiol. 21, 229 (1943). 

T. Bbrsin, in Handbuch der Enzymologie. Vol. 1, Akademische Verlagsgesell- 
schaft, Leipzig, 1940, p. 154. 

K. Myrback, Z. physiol. Chem. 169, 1 (1926). 

Y. Yudkin, Enzymologia 2, 161 (1937). 

E. Abderhalden, FermentforschunQy 14, 27 (1933); and 16, 1 (1936). 

W. Grasmann and W. Mayr, Z. Physiol. Chem. 214, 186 (1933). 

E. Waldschmidt-Leitz and A. Schaffner, Z. physiol. Chem. 161, 31 (1926). 

R. Kuhn and P. Desnuelle, Z. physiol. Chem. 261, 23 (1938). 

I. A. Parpentjev, W. Devrient and B. F. Sokoloff, J. Biol. Chem. 92,33 
(1931). 

« M. Jacoby, Biochem. Z. 262, 181 (1933). 

J. B. Sumner and K. Myrback, Z. physiol. CAem., 189, 218 (1930). 
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Quastel et al. studied the influence of basic dyes on bacterial dehydro- 
genases^^~ 26 ^ on fumarase, urease, and saccharase.^^ Haas^* found an inhibition 
of cytochrome reductase by atabrine and quinine. The action of acridine 
drugs and quinine was examined on different enzymes by Hellerman et aL 
These investigations will be reconsidered in more detail. The inhibiting 
activity of quinine was measured by Rona et al, on saccharase,^® serum 
lipase,stomach lipase,and pancreatic lipase.^^ Heavy metals are of 
course able to cause precipitation and denaturation of proteins; they can 
bind thiol groups and as will be shown bring about reversible inhibitions. 

Myrback,®^ for instance, made a detailed investigation on the action of 
silver ions on saccharase. He found that silver combined with a carboxyl 
group in saccharase to form a feebly dissociated salt. With von Euler^^ he 
proved that the curve representing the degree of inhibition as a function of 
the concentration of the inhibitor takes the typical form of a dissociation 
curve. Working at varying pH values, Myrback^^ observed that the inhibi¬ 
tion depends on the pH, being stronger in alkaline than in acid medium. 
Myrback*^ explains the action of the silver ion as due to a competition 
with the hydrogen ion and, since the latter is indispensable for the catalytic 
activity, an inactivation results. This inactivation is completely reversed 
by hydrogen sulfide. According to the author the following formula ex¬ 
presses the equilibrium: 


lAg][E-] 

AgE 


= Ka 


I 


In this equation E”* is the anion of the enzyme. was found to have a 
value of 10“’^ 

Experimenting with other metals, copper, zinc, cadmium, and lead, 
Myrback®^ noted the same facts as for silver. We can add to this list barium 
and lanthanum which in our experiments behaved like silver.*® Myrback** 
pointed out that mercury behaves in quite a different way. Mercury com¬ 
bines with a basic group of saccharase to form an inactive compound. This 
inhibition is reversed by hydrogen sulfide. Whereas in the case of silver the 
inhibition is not influenced by substrate concentration, with mercury on the 
contrary the inactivation depends on substrate concentration, so that it 


J. H. Quastel, Biochem. J. 26, 898, 1121 (1931). 

J. H. Quastel and A. H. M. Wheatley, Biochem. J., 26, 629 (1931). 
*• J. H. Quastel, Biochem. J. 26, 1685 (1932). 

J. H. Quastel and E. D. Yates, Enzymologia^ 1, 60 (1936). 
w E. Haas, J, Biol. Chem 166, 321 (1944). 

*» P. Rona and E. Block, Biochem. Z. 118, 185 (1921). 

P. Rona and D. Reinecke, Biochem. Z. 118, 213 (1921). 

P. Rcna and M. Takata, Biochem. Z. 134, 118 (1923). 
wp. Rona and R. Pavlovic, Biochem. Z., 134, 108 (1923). 

*>K. Myrback, Z. physiol. Chem. 168, 4 (1926). 

** H. VON Euler and K. Myrback, Z, physiol. Chem. 121, 177 (1921). 
** L. Massart, unpublished results. 
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may be concluded that the substrate-binding group of saccharase is affected 
by mercury. 

Returning to the researches of Quastel et we note that in their 

experiments on dehydrogenases these authors observed that at pH 7.4 
basic dyestuffs are highly toxic, that specificity of action occurs among the 
dyes, molecular structure playing an important role, and that some dis¬ 
sociation of the combination between enzyme and dye may occur. The 
same observations were made for fumarase, but here the combination be¬ 
tween enzyme and dye seemed to be irreversible. It was however found 
that the substrate (fumarate) and substrate analogs (succinic, malic, and 
aspartic acids) protect against the inhibition. About the same facts were 
noted for urease; there was observed an apparent irreversibility of combi¬ 
nation of the dyes with the enzyme. Protection was found to be afforded to 
urease by the presence of substances which possess basic amino or imino 
groups, the latter substances combining reversibly with the enzyme, pre¬ 
sumably at the negatively charged groups which attract the basic dyes. 

With saccharase, however, a complete reversibility of the combination 
between dye and enzyme was noted. At the same time it was found that not 
only sucrose but also glucose competes with the basic dyestuffs. These 
results in a certain way amplify those of Myrback®® obtained with silver 
ions. Indeed the reversible action of dyes on saccharase is expressed, accord¬ 
ing to Quastel and Yates,by the formula: 

JL_L_ = K 

[D] 1 - / 

where / is fractional inhibition and D the molar concentration. This formula 
is the same as that found by Myrb^k^® for the action of silver ions on 
invertase. It is the expression of a reversible reaction between the dye and 
the active group of the enzyme, provided that the drug is present in excess. 

Quastel and Wheatley^^ also drew attention to the fact that increase in 
pH augments the inhibition by basic dyes. As we have already seen this is 
also the case for the inhibition of saccharase by silver ions.®® It holds®® also 
for Ba^^ and La®^. The accompanying figure (Fig. 7) illustrates the results 
of Quastel and Wheatley. When the pH varies, the concentration of the 
basic dye being kept constant, the following relation between pH and degree 
of inhibition is obtained: 

pH — log Y~l ~ constant 


When both pH and dye concentration are varied, the concentrations 
causing 50% inhibition were found to be expressed by the following formula: 


pH - log 


JL^ 

[D] 


constant 
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Evidently we have here a simple example of antagonism. Since pH ■» 
log 1/[H], we can write: 

log 1/[H] — log 1/[D] = constant 


or: 


whence: 


log [D] — log [H] = constant 


[D]/[H] = constant 

From these results and those obtained in experiments with acid dyes, 
Quastel and Wheatley®^ conclude that saccharase is a zwitterion which is 
enz}unatically active. This zwitterion forms an anion, OH-El", combinine 



Fio. 7. Effect of pH on inhibition of saccharase by basic dyes." (A) Safranine 
8.6 X 10~* M. (B) Ethyl violet 2.03 X 10”‘ M. (C) Janus green 2.07 X 10“‘ Af. 

with the basic dyes and binding the glucose part of the sucrose molecule 
and a cation, HE"*", binding the acid dye and the fructose part of the sucrose 
molecule. This hypothesis is supported by the fact that, as we said above, 
sucrose and glucose protect against the basic dyes, and that sucrose and 
fructose were proved to antagonize the acid dyes. 

Another explanation for the inhibition by some basic dyes was suggested 
by experiments of Haas** and Wright and Sabine.** Wright and Sabine 
indeed observed a lowering of the atabrine inhibition of tissue respiration 
and of D-amino acid oxidase activity by flavin-adenine-dinucleotide (FAD) 
and Haas** noted similar facts for cytochrome oxidase. These observations 
were extended by Hellerman et af.‘® to the effect of atabrine and related 
compounds. Some of their results are given in Table I. From the results of 

*• C. J. Wbioht and J. C. Sabine, J. Biol Chem. 166, 316 (1944). 
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Hellerman et it appears that the FAD-inhibitor antagonism is not 
specific for atabrine; it is;iearly as marked with quinine, plasmoquine, and 
different quinolines examined in this respect, and the authors, conclude 
that all these compounds share the property of combining with numerous 
proteins. When the protein is an enzyme, the combination may or may not 
result in inhibition depending upon whether the portion of the protein 
molecule affected is essential for activity. When the grouping affected 
takes part in the binding of the prosthetic group by the enzyme, the result 
is a competitive inhibition. If the grouping affected is not indispensable 

TABLE I 

Effect of Concentbation of Flavin-Adbnine-Dinucleotidb on Inhibition 
OF d-Ahino Acid Oxidase by Atabbine and Related Compounds*' 


FAD Control 


added, 

moles 

X 10-’ 

rate, m 1- 
O,/20 
min. 

Inhibitor, M 

Inhibition, 

% 

Temp. 

°C. 

1.1 

23 

Atabrine, 0.001 

80 

30 

4.1 

99 

0.001 

54 

30 

11.0 

150 

0.001 

4 

30 

0.4 

35 

0.001 

70 

37 

2.9 

96 

0.001 

36 

37 

27.5 

144 

0.001 

8 

37 

0.4 

43 

Quinine, 0.001 

61 

37 

2.9 

113 

0,001 

28 

37 

27.5 

179 

0.001 

10 

37 

0.4 

43 

0.003 

72 

37 

2.9 

113 

0.003 

44 

37 

27.5 

179 

0.003 

21 

37 

0.4 

43 

Plasmochin, 0.003 

71 

37 

2.9 

113 

0.003 

39 

37 

27.5 

179 

0.003 

5 

37 


for this combination, but still essential to activity, a noncompetitive inhibi¬ 
tion results. Such an inhibition by basic compounds was found by the 
authors in the case of Straub’s” flavoprotein from heart muscle (diaphorase) 

The results of Hellerman et prove that testing inhibitions on an in¬ 
sufficient number of enzymes may lead to misinterpretations. They show 
also that competitive inhibition is not confined to substrate analogs. 

2. Inhibition of Succinic Dehydrogenase by Substrate Analogs 

We owe the classical example of competitive inhibition to Quastel and 
Wooldridge,’ who proved that malonic acid and other substrate analogs 

** F. B. Stbavb, Bioehem. J. 88, 787 (1939). 
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(shown in the accompanying formulas) inhibit succinic dehydrogenase: 


COOH 

1 

C.H. 

1 

COOH 

1 

CeHs 

1 

CeHs 

1 

COOH 

1 

1 

(CHa)a 

1 

CHa 

1 

1 

CHCfiHfi 

1 

1 

CHa 

1 

CHOH 

CH, 

1 

1 

COOH 

1 

CHa 

1 

COOH 

1 

COOH 

COOH 

CHCOOH 


COOH cn2 

COOH 

Potter and Dubois^^ have measured the affinity of succinic and malonic 
acid to succinic dehydrogenase and found that the inhibition-substrate 
ratio for 50% inhibition is 1:50. 

Franke and Siewardt^^ report a progressive change in inhibitory activity 
with increasing chain length when experimenting with alkylated succinic 
acids. 

Klotz and Tietze^^^ have found that 1,2-ethanedisulfonic and /J-sulfo-*^ 
propionic acid in concentrations between 0.0033 and 0.02 M inhibit succinic 
dehydrogenase almost as much as does malonate. 

3. Inhibition of Lactic Dehydrogenase by Pyuidinesulfonic Acid 

In the inhibition of lactic dehydrogenase by pyridinesulfonic acid, de¬ 
scribed by von Euler,^ a competitive competition takes place between 
cozymase and the chemical analog of the essential molecule of this de¬ 
hydrogenase. The inhibition of the lactic dehydrogenase exerted by pyri- 


COOH 

SOjII 

V 

u 

N 

N 

Nicotinic acid 

Pyridine-3-sulfonic acid 


dine-3-sulfonic acid disap])ears completely in the presence of adequate 
amounts of cozymase. This is seen in Fig. 8. Von Euler^ has extended his 
results to glucose dehydrogenase from cow’s liver with the same results. 
He proved also that the inhibition caused by salicylic acid or by adenosine 
and adenylic acid is not reversed by cozymase. 

4. Amine Oxidase and Diamine Oxidase 

Interesting instances of competitive inhibition are found in the investiga¬ 
tions of Zeller and of Blaschko and Duthie on amine and diamine oxidase. 

“ V. R. Potter and K. P. DuBois, J. Gen, Physiol. 26, 391 (1943). 

»» W. Franckb and D. SiBWERDT, Z. physiol. Chem. 280, 76 (1944). 

I. M. Klotz and F. Tietze, J. Biol. Chem. 168, 399 (1947). 
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Zeller*^ notes that all derivates of ammonia when present in a sufficient 
concentration are able to compete with diamines for the diamine oxidase. 
Monoamines, such as methyl- and amylamine, have a low affinity, choline^^ 
and ephedrine^® have moderate affinity, and guanidine^^ and imidazole^^ a 
high affinity for the enzyme. In simple guanidines the inhibition increases 
from guanidine to methyl- and asym-dimethylguanidine.^* The inactivation 
by the diguanidines arcain and synthalin is very large.^® Vitamin Bi also 
brings about a strong inhibition.^' 

In two more recent papers Blaschko and Duthie^^ *^® examined the in¬ 
fluence of different monoamines, diamines, and mono- and diamidines on 
the activity of amine oxidase and diamine oxidase. Of monamines of the 
type CH 3 (CH 2 )nNH 2 the r2-carbon compound acted as a substrate for 
monoamide oxidase hut the 18-carhon compound did not. With diamines 



Cozymose x 10"® Mol/I. 


Fig. 8. Influence of cozymase concentration on inhibition of lactic dehydro¬ 
genase.^ 

of the types NH 2 (CH 2 )nNH 2 it was observed that compounds with short 
chains up to Cs were not oxidized by monoamine oxidase; compounds with 
longer chains (Cm-Cis) however acted as substrates for monoamine oxidase. 
So it can be concluded that the second amino group of the diamines inter¬ 
feres with the activity of monoamine oxidase when the chains are short; 
with longer chains this interference disappears. Conversely, short chains 
(up to Ca) appear to be necessary for substrates of diamine oxidase; indeed 
in this case diamines with longer chains (Cu, Cie, Cia) are not oxidized by 
this enzyme.*^ 

E. A. Zeller, Advances in Enzymol, 2, 93 (1942). 

«E. A. Zeller, Helv. Chim. Acta 23, 1502 (1940). 

^•E. A. Zeller, R. Stern, and M. Wenk, Helv. Chim. Acta 23, 3 (1940). 

Blaschko, J. Physiol. 96, 30P (1939). 

E. A. Zeller, Helv. Chim. Acta, 24, 539 (1941). 

E. A. Zeller, Helv. Chim. Acta, 21, 1645 (1938). 

H. Blaschko and R. Duthib, Biochem. J. 39, 347 (1945). 

H. Blaschko and R. Duthie, Biochem. J. 39, 478 (1945). 
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The inhibitory influence on the activity of amine oxidase by different 
amidines was measured/’ These compounds were monoamidines of the 
type: 

CH,(CH,),C(—NH)NH, 


diamidines of the type: 

NH,(NH—)C(CH,).C(—NH)NH, 


diamidines of the type: 


HN 




NH 


H,N 


/ 


—O—(CH,), 


-o-<3>-o: 


\ 


NH, 


The authors were able to draw the conclusion that in each series there is 
an increase in inhibitory activity with an increasing number of CH2 groups 


TABLE II« 


Inhibition of Amine Oxidase by Monoamidines® op the Type 
CH,(CH,)nC(«NH)NH, 


n 

Inhibition, % 

n 

Inhibition, % 

3 

15 

10 

61 

4 

42 

14 

8 

8 

50.5 

16 

7.5 


• Inhibitor concentration lO^* M. 


until a certain chain length is reached; beyond this point a further increase 
in chain length causes a fall in inhibitory activity. For monoamidines the 
critical chain length is Cio as appears from Table II. 

For the alkyl diamidines of the straight-chain type the inhibitory 
activity increases up to C12 and then falls. For the second type of diamidines 
(with aromatic group) the C3 and C# compounds were the strongest in¬ 
hibitors; the Cio compound was much less active. 

It is remarkable that among the alkyl diamidines the increased formation 
of enzyme-inhibitor complex which is absorbed when the chain length is 
increased up to C12 is paralleled by increased affinity of substrate for enzyme 
among the related alkyl diamines. Blaschko and Duthie^^ studied also the 
inhibitory activity of mono- and diguanidines and diisothioureas. Zeller^^ 
and Blaschko and Duthie^ give valuable discussions on the arrangement of 
the molecule for oxidation by diamine oxidase. 

In addition to these investigations, Heegaard and Alles^* have observed 
that the oxidation of amylamine by amine oxidase is inhibited by secondary 

** £. V. Heegaard and G. A. Alles, /. Biol. Chem. 147, 503 (1043). 
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and tertiary amines, the magnitude of the effect being related to the size 
of the molecule. 

6. Inhibition op Sulfhydryl Enzymes 

Sulfhydryl groups are common to many enzymes and thus inhibitors of 
sulfhydryl enzymes bring about a nonspecific inhibition. The first experi¬ 
ments on this type of inhibition were performed by Dickens,®® Hellerman 
et aZ.®^ and Bersin.®^ 

Dickens®^ has shown that iodoacetate reacts stoichiometrically with 
sulfhydryl-containing compounds such as glutathione. Hellerman et 
observed that crystalline urease is inactivated in air by catalytic traces of 
heavy metals in the solution and Bersin®^ explained the activating effect 
of reducing agents on papain by reduction of disulfide linkages to the sulf¬ 
hydryl form. 

The general study of sulfhydryl groups in proteins has brought forward 
the division of these groups into two types: freely reactive sulfhydryl 
groups, which are oxidized by mild oxidants and give the nitroprusside 
test when the protein is in the native state, and sluggish sulfhydryl groups, 
which are not oxidized and do not give the nitroprusside test except after 
unfolding of the polypeptide chain by denaturation. 

From the numerous investigations on sulfhydryl enzymes, the following 
items are perhaps the most interesting: 

a. Wide Distribution of Sulfhydryl Enzymes 

This item has been reviewed by Bersin®® up to 1935. Dixon®^ found that of 
12 dehydrogenases, the alcohol dehydrogenase of yeast was the most sensi¬ 
tive to iodoacetamide and was inhibited by concentrations as low as 
0.0003 M. 

Succinic dehydrogenase was studied by a number of authors. Libbrecht 
and Massart®® found that oxygen under pressure inactivates this enzyme. 
This fact was confirmed by Dickens®® and later by Stadie, Riggs, and 
Haugaard.®^ Hopkins et aZ.®® ®® recognized the essential role of sulfhydryl 
groups in succinic dehydrogenase and studied the inhibition by oxidized 

F. Dickens, Biochem, J. 27, 1141 (1933). 

L. Hellerman, M. E. Perkins, and W. M. Clark, Proc, Natl, Acad. Sci, U. 
S. 19, 865, (1933). 

»*T. Bersin, Z. physiol. Chem. 222, 177 (1933). 

*»T. Bersin, Ergeb. Enzymforsch. 4, 68 (1935). 

M M. Dixon, Nature 140, 406, 806 (1940). 

W. Libbrecht and L. Massart, Compt. rend. soc. biol. 124, 299 (1937). 

** F. Dickens, in Aspects actuels de PEnzymologie. Desoer, Li^ge, 1947, p. 142. 

W. C. Stadie, B. C. Rioqs, and N. Haugaard, J. Biol. Chem., 161, 153, 1945. 

F. G. Hopkins, E. Y. Morgan, and C. Lutwak-Mann, Biochem. J. 62, 

1829,1938. 

F. Q. Hopkins and E. Y. Morgan, Biochem. J. 82, 611 (1938). 
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glutathione, alloxan, copper, maleic acid, and iodoacetic acid. Von Duler 
and Hellstrom*® established the inhibition of succinic dehydrogenase by 
Fe(CN6)3+ and the reactivation by Na 2 S 204 . Horecker*^ and Bemheim** 
experimented with copper as the inactivating agent and Barron and 
Kalnitsky®® with heavy metals. Potter and Dubois®® conclude from their ex¬ 
periments that succinic dehydrogenase is inhibited by a large number and 
variety of compounds, the only resemblance among them being their 
ability to react with thiol groups. These compounds are thiol reagents; Cu, 
SeOa^", AsOs®^ and compounds with quinonoid or potential quinonoid 
structure. Bergstermann and Stein®^ observed an inhibition by benzo- 
quinone. 

Experiments of von Euler and Adler®^ suggested the presence of sulf- 
hydryl groups in triosephosphate dehydrogenase. Rapkine®* proved the 
dependence of phosphoglyceraldehyde mutase on sulfhydryl groups and 
Morgan and Friedman®^ observed the inhibition of glyoxalase by maleic 
acid. Experiments of Lehman®® indicated the presence of sulfhydryl groups^ 
in phosphoglucomutase and Iri®® found an inactivation of hexokinase by 
iodoacetic acid. Mims et alP proved that pteroylglutamic acid conjugase 
is a sulfhydryl enzyme. 

After a thorough investigation of sulfhydryl enzymes in carbohydrate, 
fat, and protein metabolism, Barron and Singer,^^ making use of iodo- 
acetamide, p-chloromercuribenzoic acid, and organic arsenicals, conclude 
that the following enzymes are to be considered sulfhydryl enzymes: 
pyruvate dehydrogenase, transaminase, yeast alcohol dehydrogenase, 
stearate oxidase (liver and bacterial), oleate oxidase (bacterial), pancreatic 
lipase, iS-hydroxybutyrate oxidase (heart), acetylcholinesterase, human 
serum esterase, hog liver esterase, and pancreatic esterase. 

According to the same authors the following enzymes are not affected by 
thiol reagents: polyphenoloxidase, arginase, citric dehydrogenase, uricase, 
catalase, lactic dehydrogenase, liver alcohol dehydrogenase, histaminase, 
potato phosphorylase, carbonic anhydrase, acid phosphatase, peanut fat 
oxidase, pepsin, cytochrome oxidase, and flavoproteins. 

®®H. VON Euler and H. Hellstrom, Arkiv Kemi Mineral. Geol. 13B, 1 (1939). 

B. L. Horecker, Enzymologia, 7, 331 (1939). 

F. Bernheim, J. Biol. Chem. 133, 485 (1940). 

E. S. G. Barron and G. Kalnitskv, Biochem. J. 41, 346 (1947). 

H. Bergstermann and W. Stein, Biochem. Z. 317, 217 (1944). 

E. Adler, H. von Euler, and G. GOnther, Skand. Arch. Physiol. 80, 1 (1938). 
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h, Hopkins Phenomenon 

Hopkins ct discovered that previous addition of malonate or 

succinate protects succinic dehydrogenase from inhibition by sulfhydryl 
inhibitors. These experiments and those of Rapkine,®^ who proved that 
phosphoglyceraldehyde dehydrogenase is protected to some extent by its 
coenzyme, together with those of Hellerman, Lindsay, and Bovarnick,^® 
who observed that the inhibition of D-amino acid oxidase by p-chloro- 
mercuribenzoate is partly prevented by the presence of an excess of flavin- 
adenine-dinucleotide, explain the role of sulfhydryl groups in enzymes. 
Indeed, since in the above cases combination of the enzyme with either 
coenzyme or substrate is prevented by the inhibition, it is probable that 
here sulfhydryl groups play an essential role in the formation of the enzyme- 
substrate complex. 

Potter and Dubois’® and Barron and Singer^^ extended the experiments of 
Hopkins et ah to other enzymes and other thiol reagents. 

c. Variation in Reactivity of Sulfhydryl Groups 

The discovery of Hellerman et alP of the existence in urease of sulfhydryl 
groups which are not of the same importance to the enzymatic activity has 
been a very interesting contribution. These authors proved that in urease at 
least two types of sulfhydryl groups should be distinguished: those which 
are easily available and not necessary for enzyme activity, and others 
—groups which are less readily available and on the contrary, essential for 
enzyme activity. Indeed, when crystalline urease is treated with one mole 
of p-chloromercuribenzoate per 21,300 g. urease no loss in activity takes 
place; when a second mole of reagent is added an inhibition occurs, al¬ 
though only two out of a total of five sulfhydryl groups are then combined. 
The remaining three sulfhydryl groups are only attacked after denaturation 
of urea^se. 

The existence of a variation in reactivity of sulfhydryl groups in enzymes 
had before been brought forward by experiments of Balls and Line weaver,^’ 
who gave proof of the fact that papain is inactivated by iodoacctate and 
that only one of the ten sulfhydryl groups of this enzyme is alkylated by 
the reagent. 

d. Different Types of Sulfhydryl Reagents 

Barron and Singer^^ give the following classification of sulfhydryl rea¬ 
gents: oxidizing agents, alkylating agents, and trivalent organic arsenicals. 
Following up these authors it is interesting to observe with them that dif¬ 
ferent oxidizing agents such as ferricyanide and porphyrindin are widely 

^•L. Hellerman, P. Chinard, and V. R. Deitz, J. Biol. Chem. 147, 443 (1943). 

A. K. Balls and H. Lineweaver, J, Biol. Chem. 130, 669 (1939). 
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used for the titration of sulfhydryl groups in proteins (c/. Anson^^), al¬ 
though they are less effective in inhibiting and detecting sulfhydryl en¬ 
zymes. These agents oxidize the sulfhydryl groups to the disulfide: 


SH 


Enzyme 


/ 


\ 


+ oxidant**^ 


/ 


Enzyme 


SH 


\ 


reductant + 2H''' 


Ferricyanide, e.gf., has no effect on urease^® and porphyrindin does not in¬ 
hibit papain.^® These results are to be considered in the light of the discussion 
above (Sect. c). Of the alkylating reagents iodoacetate has been the most 
used; iodoacetamide has also been employed extensively. It is assumed that 
iodoacetate reacts by substitution of the hydrogen of sulfhydryl by the 
carboxymethyl group®®: 

Enzyme—SH -f- CHjICOOH enzyme—SCHjCOOH -f HI 

However Michaelis and Schubert’^ called attention to the fact that acid 
halides combine with amino groups. Under definite conditions, however, the 
alkylation of sulfhydryl groups is much more rapid, although this does not 
preclude reaction with amino groups. 

Barron and SingeF^ conclude from their experiments that some alkylating 
reagents (iodoacetamide) combine with more sulfhydryl groups than do the 
oxidizing agents, but still leave some unattacked. They admit that p-chloro- 
mercuribenzoate combines with all the available sulfhydryl groups in the 
native protein. This should also be the case for the organic arsenicals. 

The trivalent organic arsenicals were first used as sulfhydryl reagents by 
Bersin.®* They combine reversibly with sulfhydryl groups.^* 

SR' 

/ 

R—As=0 -f 2R'—SH ^ RAs -f H,0 

\ 

SR' 


The addition compounds thus formed readily dissociate on increase of the 
pH. 

Ions of heavy metals, cystine, oxidized glutathione, and maleic acid 
have also often been used to detect sulfhydryl enzymes. 

The reversion after inhibition has occurred has been the subject of a large 
number of investigations. As reversing agents reducing substances such as 

L. Anson, Science^ 90, 142 (1939). 

L. Hbllbrman, Physiol. Rev. 17, 464 (1937). 

J. P. Greenstein, J. Biol. Chem. 125, 601 (1938). 

L. Michaelis and M. P. Schubert, J. Biol. Chem. 106, 331 (1934). 

C. VoBQTLiN, H. A. Dyer, and C. S. Leonard, Pvblic Health Repta. 38, 1911 
(1923). 

A. Cohen, H. Kino, and W. Y. Stranqbwatb, J. Chem. Soc. 1981, 3043. 
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vitamin C, hydrogen sulfide, cyanide, and thiols such as cysteine, gluta¬ 
thione, and BAL (Britisli Anti-Lewisite) were used. Here follow some 
instances: 

As Jacoby*® observed, urease is inactivated by Hg®"*" ions. These ions 
probably combine with reactive sulfhydryl groups to form mercaptide 
linkages: 

SH S 

/ /I 

Enzyme + Hg*+ —> enzyme Hg -f 2H‘*' 

\ \l 

SH S 

This inactivation is reversed by substances forming insoluble or sparingly 
soluble compounds with the toxic ion. This was shown to be the case by 
Bersin^* for hydrogen sulfide: 

S SH 

/I / 

Enzyme Hg -f H 2 S —► enzyme -f HgS 

\l \ 

S SH 

Reactivation of the inhibition brought about by p-chloromercuribenzoate 
and organic arsenicals is seen from Table III, showing some results of an 
investigation of Barron and Singer.^^ 

Reactivations by BAL or 2,3-dimercaptopropanol have been extensively 
investigated by Stockin and Thompson”^ and Barron et al.^ in the case of 
inhibition of sulfhydryl enzymes by Lewisite and the inhibition of succinic 
dehydrogenase by heavy metals. 

Before finishing this item it is perhaps worth while to refer to a paper of 
Lewis,who attributes the activity of methyl bromide to reaction with 
sulfhydryl groups. 

Interesting developments in the field of sulfhydryl enzymes have been 
made during and since the war by investigations on the biochemical ac¬ 
tivity of warfare agents and of antibacterials. 

In 1936 Peters®® noted that traces of the vesicant mustard gas sulfone 
inactivate the pyruvate oxidase of brain, but during the war immense 
progress in this field has been made by the school of Peters et al., Dixon 
et al., Gilman and Philips, and Bacq et at. Among the first experiments on 
known sulfhydryl enzymes we cite those obtained by collaborators of 
Bacq, Massart, and Peeters,®^ who found a strong inhibition of succinic 
dehydrogenase by vesicants and lachrymators. The actual status of the 

»»M. Jacoby, Biochem. Z. 181, 194 (1927). 

•* L. A. Stochen and R. H. S. Thompson, Biochem, J, 40, 535 (1946). 

“S. E. Lewis, Nature, 161, 692 (1948). 

M R. A. Peters, Nature 183, 327 (1936). 

L. Massart and G. Pbbters, Acta hiol, belg. 1, 42 (1941). 
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problem has been reviewed in an excellent publication of Peters.®® Here 
we shall give only the conclusions of this author; 

Vesicants which are trivalcnt organic arsenicals, such as Lewisite (CHCl: CHAsCU) 
have a definite affinity for sulfhydryl enzymes. Pyruvate oxidase is particularly sen¬ 
sitive to this reagent. In this case monothiols are poor reversers, but good effects are 
obtained with the dithiol BAL (2,3-dimercaptopropanol) because the arsenic in the 


TABLE III 

Reactivation of Sulfhydryl Enzymes Inhibited by Mercaptide-Forming 

Substances* 


Enzyme 

Inhibitor 

Inhibi¬ 

tion, 

% 

Reactivator 

Reacti¬ 

vation, 

% 

Succinoxidase 

Arsenical I, 

80 

Glutathione, 

Complete 


5 X 10-' M 


1 X 10-* Af 




80 

Cysteine, 1 X 10~* M 

25 


Benzoquinone, 

80 

Glutathione, 

Complete ' 


5 X lO-® M 


2 X 10-» M 


Pyruvate oxi- 

Arsenical IV, 

94 

1 X ir‘ A/ 

15 

dase (gono- 

1 X 10-* M 




cocci) 

Arsenical I, 

40 

1 X 10-* Af 

77.5 


5 X 10-» M 




Pyruvate oxi¬ 

p-Chloromer-curi- 

92 

2.5 X 10-‘ M 

39 

dase 

benzoate, 




(ground, 

5 X 10-^ M 




washed 





chicken 





liver) 





Adenosinetri- 

p-Chloromer- 

Complete 

1 X 10-» M 

Complete 

phosphatase 

curibenzoate. 




(myosin) 

1 X 10’» M 





* Arsenical I, p-carboxyphenylarsine oxide. Arsenical IV, p carbamylphenylarsine 
oxide. From E. S. G. Barron and T. P. Singer, J. BioL Chem. 157, 234 (1945). 


enzyme is in a ring, which can be represented as follows: 

R—S 

\ 

As— 

/ 

R—S 

The ring form of arsenic with BAL is somewhat more stable than the one of arsenic 
with the enzyme. This explains why BAL is an excellent reverser of the effects pro¬ 
duced by Lewisite. 

Mustard gas combines with sulfhydryl groups and also with carboxyl and amino 
groups. It cannot be concluded that vesication in general is always induced by an 

R. A. Peters, Symposia Soc. Expil, Biol, 8 , 36 (1949). 
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attack upon an sulfhydryl enzyme and enzyme damage ia not necessarily the firat 
step in vesication. 

Concerning lachrymators it is generally admitted that they are inhibitors of sulf¬ 
hydryl enzymes and Dixon even regards lachrymators as the test agents par excell¬ 
ence for sulfhydryl enzymes. 

The work on the biochemical activities of chemical warfare substances 
has also been reviewed by Peters, Stocken, and Thompson,®® Waters and 
Stock,Dixon and Needham,®® Gilman and Phillips,®® Peters,®® andBacq.®^ ®® 

Interesting results on sulfhydryl enzymes have also been obtained in the 
field of antibacterials. Indeed many quinones are potent antibacterials and 
quinones are known to inactivate a number of sulfhydryl enzymes, e.g., 
urease and succinic dehydrogenase.®® 

Cysteine and thioglycolate inhibit the antibacterial activity of 2- 
methyl-1,4-naphthoquinone.®® Unsaturated lactones react with sulfhydryl 
groups to add the RS to the carbon to the lactone in A"‘ and A^’ 
lactones.®® It has however been pointed out by Hoffman, Ostenhof, and 
Lee®® that the inhibition of urease activity by various antibiotics shows no 
relationship to the bacteriostatic effect. The strongest antibacterial sub¬ 
stances such as 4-methoxytoluquinone as well as a series of unsaturated 
lactones belonging to the patulin series show no inhibition of urease activity. 

Cavallito and Haskel®® and Glock et al.^^ note that different antibacterials 
are unsaturated a,/9-ketones. The latter authors observed that the a,/9-un- 
saturated ketones which react most completely with cysteine are also the 
ones which are the most strongly antibacterial. 

Cysteine reacts also with penicillin.®^ The question of whether sulfhydryl 
enzymes are the first point of attack of these different antibacterials are 
still very conflicting. More details will be found in this book in Chapter 4. 

6. Inhibition by Fluoride 

In the chapter on enzyme inhibitions Bersin^® refers to fluoride as in¬ 
hibitor of different enzymes: yeast phosphatase,®® glucosulfatase,®® acid 

R. A. Peters, R. A. Stockbx, and R. H. S. Thompson, Nature, 166, 616 (1945). 

R. L. Waters and C. Stock, Science, 102, 601 (1945). 

** M. Dixon and D. M. Needham, Nature, 158, 432 (1946). 

A. Gilman and F. S. Phillips, Science, 103, 409 (1946). 

R. A. Peters, Nature 169, 149 (1947). 

” Z. M. Bacq, Actualit^s biochimiques: Travaux r^cents sur lea toxiques de 
guerre-Ed. Desoer, Li^ge, 1947. Z. M. Bacq, Experientia, 2, 349 (1946). 

•• Z. M. Bacq and V. Desreux, Expoets annuels de Biochimie Mtdicale, 8,67 (1048). 

•* C. A. Colwell and M. Me Call, /. Baci, 61, 659 (1946). 

C. J. Cavallito and T. H. Haskell, J. Am. Chem. Soc. 67, 1991 (1945). 

O. Hoffman-Ostenhof and W. H. Lee, Monatsh. 76, 180 (1946). 

•• G. E. Glock, R. H. Thorp, J. Unoar, and R. Wien, Biochem. J. 39, 308 (1945). 

” C. J. Cavallito and J. H. Bailey, Science 100, 3^ (1944). . 

E. Auqhagen and Grzycki, Biochem. Z,, 266, 217 (1934). 

••T. Soda and F. Eoami, J. Chem. Soc. Japan, 66, 1164 (1934). 
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phosphatase/®® and hydrogenlyase.'®' Various other enzymes can be added 
to this list: e,g,, enolase/®^ 

Massart and Dufait^®® compared the activations by bivalent metals in 
the esterase group and the inhibitions by fluoride and arrive at the results 
given in Table IV. 

As explanation of this inhibition two main hypotheses have been ad¬ 
vanced : elimination of activating Mg^^ or Ca^^ ions and the special position 
of fluoride in the Hofmeister series. The first hypothesis grew in importance 
for the enzyme enolase when Ohlmeyer and Dufait“^ succeeded in inacti¬ 
vating this enzyme by electrodialj’^sis and in restoring the activity by 
addition of magnesium salts. The real explanation and the intimate mecha¬ 
nism of this inhibition were however revealed by the experiments of War¬ 
burg and Christian."^ These authors were able to isolate and crystallize the 
enolase of yeast. They proved it to be a magnesium protein in which mag¬ 
nesium can be replaced by zinc and manganese. These last metals have to be 


TABLE IV 

Activators and Inhibitors of Esterases*®* 


Enzyme Activators 


Alkaline phosphatase. Mg*®^ 

Acid phosphatase. Ca*®* 

Lipase. Ca*®® Mn*®^ 

Cholinesterase. Ca, Mg, Mn*®* 

Chlorophyll ase. Ca**® 


Inhibitors 


NaF®* 

NaF*®® 

NaF*®« 

NaF*o» 

? 


used in low concentrations however, since otherwise they poison the 
enzyme. 

Warburg and Christian”^ observed that the inhibition of enolase by 
fluoride is influenced by the presence of phosphate: i.e., 10”® M phosphate 
does not inhibit, 10“® M phosphate + 1.67 X 10”® M fluoride does not 
inhibit, but 10”® M phosphate + 1.67 X 10”® M fluoride brings about an 
inhibition of 71%. 

*®® A. CoNTARDi AND RovAZONNi, Rend. isL iombardo Set. 68, 363 (1935). 

*®*M. Stephenson and Stickland, Biochem. J. 26, 712 (1932). 

*®*K. Lohmann and 0. Meyerhof, Biochem. Z., 273, 60 (1934). 

‘®* L. Massart and R. Dufait, Enzymologia^ 6, 282, 1938. 

*®®H. Erdtmann, Z. physiol. Chem. 172, 182 (1928). 

S. Belpanti, a. Contardi, and A. Ercoli, Biochem. J. 29, 842 (1935). 

*®® R. Willstatter and F. Memmen, Z. physiol. Chem. 133, 229 (1934). 

*®^ C. Nbubbro, Biochem. Z . 11, 400 ^908). 

*®* A. 8. Loewenhart and Y, W. Price, J . Biol. Chem. 11, 397 (1910). 

*®»N. Mattes, J. Physiol. 70, 338 (1938). 

Bersin, Kurzes Lehrbuch der Enzymologie. Akademische VerlagsgeselL 
aohaft, Leipzig, 1938, p. 52. 

P. Ohlmeyer and R. Dufait, Natuurw. Tijds. 23, 77 (1941). 

0. Warbubq and W. Christian, Biochem. Z. 810,384 (1942). 
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They also proved that in M/20 phosphate buffer the inhibition depends 
upon the concentration of magnesium salt, as is seen from Table V. The 
fluoride concentration necessary to cause an inhibition of 50% decreases 
when the magnesium salt concentration rises. From these results the au- 
thors“’ conclude that the cause of the inhibition is not a fall of the free 
magnesium sulfate in the solution. The fluoride inhibition is due to a mag¬ 
nesium fluoride compound which forms a dissociating compound with the 
enzyme protein. Working with bicarbonate buffer, the authors*^ observed 
that additions of small quantities of phosphate (10~‘ M) cause a strong 
increase of the fluoride inhibition. 


TABLE V 


Inhibition of Enolase by Varying Concentrations of Magnesium Sulfate"* 

Fluoride concn. 

MgSo 4 , M for 50% inhi¬ 

bition, M 


1.0 X io-» 
2.7 X 10 * 
2.7 X 10-V 


3.9 X 10-* 
2.0 X 10-* 
0.6 X 10'* 


From experiments in which the concentration of phosphate, magnesium 
sulfate, and fluoride were varied they calculate that the value: 


C'MgC'po4 


C^fluoride 


X 


fractional activity 
inhibition 


is constant and has a value of 3.2 X 10~^^ when the concentrations are ex¬ 
pressed in moles per liter. They conclude that the fluoride inhibition is due 
to a magnesium fluorophosphate, which competes with the magnesium of 
the magnesium enolase: 

Mg-fluorophosphate -f Mg-enolase Mg-fluorophosphoenolase -|- Mg salt 

Warburg and Christiana‘S themselves stress that fluoride inhibition is not 
always due to the formation of inactive magnesium fluorophosphate enzyme 
and proved that, in the case of carboxylase, phosphate does not alter the 
inhibition by fluoride. 

Borei“® and Runnstrom et after a critical investigation of the inhibi¬ 
tion of yeast respiration by fluoride, come to the conclusion that the point 
of attack of fluoride is a carrier intermediate between the cytochromes and 
the dehydrogenases. 

"* H. Borei, Arkiv Kemi Mineral, OeoL 13A, No. 23 (1940). 

"* J. Runnstrom, H. Borei, and E. Spbrbsr, Arkiv Kemi, Mineral, Geol. 18A» 
No. 22 (1940). 
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7. Inhibition by Carbonyl Reagents 

Different inhibitions of this type are mentioned by Bersin.^* Werle and 
Heitzer^^® observed an inhibition of histidine decarboxylase by carbonyl 
reagents. Zeller^® reports inhibition of diamine oxidase by these reagents and 
Werle^^® corroborated these results. Lawrence and Smythe^^’' have found 
that the enzyme which produces hydrogen sulfide from cysteine in rat liver 
is affected by carbonyl reagents. This enzyme was named cysteine de- 
sulfurase by Fromageot et who observed also that this enzyme is 
inhibited by potassium cyanide. Massart^^® confirmed this inhibition by 
cyanide and also found inactivation by other carbonyl reagents. Fromageot 
and Grand^^° came to the same conclusion. Schales et studied the inhi¬ 
bition of enzymatic proteolysis by carbonyl reagents. In this connection is 
also to be mentioned the inactivation of uricase and xanthine oxidase ob¬ 
served by Keilin and Hartree.^^^ 

8. Inhibition of Carboxylase 

Buchman, Heegaard, and Bonner*^® report the inactivation of the car¬ 
boxylase system by thiazole pyrophosphate. According to these authors this 
inactivation is probably due to combination of the inhibiting compound 
with the carboxylase protein. Sevag et have made an extensive investi¬ 
gation of the inhibition of carboxylase by sulfonamides. 

According to Warburg and Christian^'^ the fluoride inhibition of car¬ 
boxylase is due to the fact that this enzyme is a magnesium protein. Green 
et found also that carboxylase is a magnesium protein. 

Karrer and Visconti‘S® have observed that the following compounds exert 
a more or less strong inhibiting action on the activity of carboxylase: 
patulin, /3-ionone, acetophenone, p-hydroxyacetophenone, phenol, quinol, 
resorcinol, phloroglucinol, acetaldehyde, acrolein, benzaldehyde, furfurole, 
and flavonol. 

Kuhn and Beinert‘ss state that quinones affect carboxylase in a specific 

E. Werle and K. Heitzer, Biochem, Z. 299, 420 (1938). 

E. Werle, Biochem, Z. 304, 201 (1940). 

J. M. Lawrence and C. V. Smythe, Arch. Biochem. 2, 226 (1943). 

C. Fromageot, E. Woockey, and P. Chaix, Enzymologia 9, 198 (1940-1941). 

L. Massart, Verhandel Koninkl. VI. Academie vr Geneeskunde 1943. 

C. Fromageot and R. Grand, Enzymologia 11, 81 (1943). 

O. Schales, A. M. Suthon, R. M. Roux, E. Lloyd, and S. S. Schales, Arch. 
Biochem. 19,119 (1948). 

D. Keilin and E. F. Hartree, Proc. Roy. Soc, London B119,114 (1936). 

*** E. R. Buchman, E. Heegaard, and J. Bonner, Proc. Natl, Acad. Sci. U. 8 . 
26, 561 (1940). 

M. G. Sevag, M. Shelburne, and S. Mudd, J, Oen. Physiol. 25,806 (1942). 

D. E. Green, D. Herbert, and V. Subrahmanyan, J. Biol. Chem. 138, 327 
(1941). 

P. Karrer and W. Visconti, Helv. Chim. Acta 80,268 (1947). 

R. Kuhn and H. Beinert, Ber. 76, 904 (1943); 80, 101 (1947). 
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way. They have observed parallelism between the anticarboxylase action 
of quinones and their antibacterial activity. The most active compounds 
are quinones and naphthazarine in which substitution by halogens has taken 
place. An inhibition of 50% was exerted by 2-bromonaphthazarine at the 
dilution 1/2,000,000; seven molecules of the inhibitor are bound by one 
molecule of the enzyme. Kuhn and Beinert state that pyruvic dehydro¬ 
genase too is very sensitive to quinones; at a concentration of 1 X 10~^ 
the degradation of pyruvic acid by gonococci is inhibited 37% and at a 
concentration of 3 X 10"® as much as 96%. 

According to Massart et carboxylase is strongly inhibited by 

dinitrophenols. 

9. Inhibition op Carbonic Anhydrase by Sulfonamides 

Mann and Keilin^^® report that even at concentrations as low as 2 X 10“® 
M sulfanilamide exerts an inhibition of carbonic anhydrase. They proved 
that the SO 2 NH 2 grouping is responsible for this inhibition. Sulfamic acid 
(NH 2 SO 2 OH) and sulfamide (NH 2 SO 2 NH 2 ) are less active. The inhibiting 
group probably reacts with the prosthetic group of the enzyme. 

Making use of this remarkable inhibition, different authors have studied 
the role of carbonic anhydrase in physiological phenomena: gastric secre¬ 
tion,transport of carbon dioxide and chloride shift,and acid-base 
equilibrium in the oviduct.^®® 

Krebs^^^ examined the inhibitory action of 25 sulfonamides on carbonic 
anhydrase. This author gives data for the concentration causing an inhibi¬ 
tion of 60% at 0 and 15° in dilute enzyme solution; more sulfonamide is 
needed at the higher temperature and in the presence of tissue homogenates. 
The suitability of various sulfonamides for inhibiting experiments and the 
relations between chemical constitution and inhibiting power are discussed. 
Krebs confirmed the earlier finding*®® that compounds with the group 
SO 2 NH 2 are much more inhibitory than these of the type RSO 2 NHR'. 

10. Inhibition by Dinitrophenols 

Krahl, Keltch, and Clowes*®® report that diamino acid oxidase and 
flavoprotein of heart muscle (diaphorase) are inhibited by dinitrophenol. 
Haas, Harrer, and Hogness,*®® after stating that cytochrome reductase is 

*** L. Massart and L. Vandendriessche, Naturwisaenschaften 28, 781 (1940). 

*** L. Vandendriessche, Enzymologia 10, 69 (1941). 

130 X. Mann and D. Kbilin, Nature 146, 164 (1940). 

W. Feldberq, D. Keilin, and T. Mann, Nature 146, 651 (1940). 

D. Keilin and T. Mann, Nature 148, 493 (1941). 

R. Benesch, N. S. Barron, and C. A. Mawson, Nature 163, 138 (1944). 

H. A. Krebs, Biochem, J. 43, 625 (1948). 

M. E. Krahl, A. K. Keltch, and G. H. A. Clowes, /. Biol. Chem. 136, 563 
(1940). 

**• E. Haas, C. J. Harrer, and T, R. Hogness, J . Biol. (74em^l43,341 (1942). 
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inactivated by 2,4-dinitro-O-cyclohexylphenol, come to the conclusion that 
this compound is not a specific inhibitor of flavoproteins. 

Massart et have proved that the induction phase of fermentation by 
Lebedew juice is shortened by 2,4- and 2,5-dinitrophenols, but not by 
2,6-dinitrophenoL The same authors^^e.ia? h^ve proved that carboxylase 
and pyruvodehydrase are strongly inhibited by the same compounds. 
Succinic dehydrogenase is as heavily affected as is respiration. The 2,6- 
dinitrophenol was always without inactivating action. 

Wuff and lonesco^^ have found that oxidative decarboxylation of malic 
acid is affected by 2,4-dinitrophenol. Reasons are advanced for considering 
this oxidative decarboxylation to be associated with phosphorylation. 

11. Inhibition of Phosphatases 

Gould^®* has found that free amino groups are essential for the activity 
of alkaline phosphatase. Roche^^® has reviewed and discussed the activa¬ 
tions and inhibitions of metallo-proteins, more especially of alkaline 
phosphatases. The activators and inhibitors of phosphatases and pyro¬ 
phosphatases have been the subject of extensive investigations of Roche 
et 

Cloetens^^^ divides the alkaline phosphatases into two groups: group 1 is 
inhibited by fluoride and not by potassium cyanide and thiols (e.g., liver 
phosphatase); group 2 is inhibited by potassium cyanide and thiols and 
not by fluoride (c.g., kidney phosphatase). 

Hove, Elvehjem, and Hart^^* report that zinc ions inhibit alkaline phos¬ 
phatase, but in the presence of amino acids these ions activate. According 
to Massart and Vandendriessche^^® glycine inhibits alkaline phosphatase. 
These authors corroborate the activating effect of the system glycine-Zn®"^ 
reported by Hove et al, 

Bodansky^®® has observed that glycine exerts a noncompetitive inhibition 
on rat bone phosphatase. Inhibition of rat intestinal phosphatase is both 

L. Massart and L. Vandendriesbche, Enzymologia 10, 244 (1942). 

A. L. Wuff and H. Ionesco, Compt. rend. 225, 263 (1947). 

B. S. Gould, J. Biol. Chem. 166, 366 (1944). 
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J. Roche, S. De Laromigniere, and A. Laurens, Bull. soc. chim. biol. 25, 
1019 (1943). 

J. Roche and Nouyen-Van Thoai, Bull. soc. chim. biol. 24, 1237 (1942). 

Nguten-Van Thoai, Bull, soc. chim, biol. 24, 1077 (1942). 

Roche, Nguybn-Van Thoai and O. Mimhan, Bull. soc. chim. biol. 25, 
1217 (1943). 

J. Roche and Nguyen-Van Thoai, Bull. soc. chim. biol. 26, 1366 (1943). 
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competitive and noncompetitive, the relative amounts of each varying 
with glycine concentration; i.c., at a glycine concentration of 0.0625 M in¬ 
hibition due to the noncompetitive compound is 74% of the total, while at a 
concentration of 0.0012 M of glycine there is an increase to 91%. According 
to the same author the inactivation is dependent on the presence of un¬ 
substituted amino and carboxyl groups in glycine; inhibition by glycine 
ethyl ester, monomethylglycine, and dimethylglycine amounts, respec¬ 
tively to 50, 10, and 2% of that shown by glycine. 

Acid phosphatases are inhibited by molybdate.^®^Courtois^®^has 
studied the influence on acid phosphatase by products arising from the 
oxidation of vitamin C by copper. 

12. Inhibitors of Tyrosinase 

Tennenbaum and Jensen^ report that tyrosinase is inactivated by 
potassium cyanide, sodium diethyldithiocarbamate, and ethyl xanthate. 
The inhibition is reversed by Cu^”^. Wisansky et have found that 
p-aminobenzoic acid is an inhibitor of tyrosinase, but that sulfanilamide 
causes no inactivation. Bernheim and Bernheim^*^ observed an inhibition 
by phenylthiourea. In a more extensive investigation DuBois and Erway^®® 
confirmed the inhibition by phenylthiourea and found thiourea and deriva¬ 
tives of thiourea and thiouracil to be inhibitors of tyrosinase. 

Chodat and Duparc^®^ examined the influence of thiourea on the black¬ 
ening and the respiration of potatoes. Potatoes impregnated with a 0.1% 
solution of thiourea do not blacken, but the respiration is little or not 
affected at this concentration. p-Cresol is not oxidized in the presence of 
thiourea, the presence of one molecule of thiourea preventing the enzymatic 
oxidation of one molecule of p-cresol. Enzyme oxidation starts again when 
the molecular concentration of p-cresol is higher than the concentration of 
thiourea. 

13. Inhibitors of Cholinesterase and Choline Acetylase 

Perhaps no other enzyme has been the subject of so many inhibition ex¬ 
periments as cholinesterase. The situation has been somewhat confused 
because in the earlier experiments the existence of different cholinesterases 
was not taken into account. Very detailed research on these enzymes in- 

L. Massart and K. Vbrmeyen, Naturwissenschaften 30, 170 (1942). 

J. Courtois and M. Bossard, Bull. soc. chim. biol. 26, 464 (1944). 

J. Courtois and J. Ri gaud-Mane uvribr, Bull. soc. chim. biol. 26, 211 (1940). 
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W. A. Wisansky, G. J. Martin, and S. Ausbachbr, J. Am. Chem. Soc. 63, 
1771 (1941). 

F. Bernheim and M. L. C. Bernheim, J. Biol. Chem. 146, 231 (1942). 

K. P. DuBois and W. F. Erway, J. Biol. Chem. 166, 711 (1946). 
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eluding inhibition experiments and giving about 700 references was made 
by Augustinsson^®® in Myrback’s laboratory. This author divides the in¬ 
hibitors of cholinesterases in the following groups: 

(а) Urethans. The most potent of these compounds is physostigmine, 
which owes its activity, according to Stedman and Stedman,^®^ to the 
urethan group. Prostigmine, also called neostigmine, is also a strong in¬ 
hibitor. 

(б) Quaternary and Tertiary Ammonimn Bases. In general all quaternary 
ammonium bases are strong inhibitors.^®'^ Basic dyes, such as methylene 
blue, exert a powerful inactivation, while the corresponding leuco (compound 
is without activity.^®®~^®® Tertiary amines are less powerful inhibitors and 
show a stronger inactivating activity against nonspecific ('sterasc'.^®- 

(c) Amines and Amides. In this group the activity of phenanthrene amino 
alcohols should be noted. Both red cell cholinesterase and plasma cholin¬ 
esterase were tested by Wright.*®® Considerable differences in response to 
the inhibitor were observed. Among a series of phenanthrene-9-amino, 
alcohols, the progressive increase of size of the dialkylaniino group caused 
an increased inactivation of plasma cholinesterase. A maximum was noted 
for dipropylamino and was followed by a rapid diminution of inhibiting 
activity. These results are to be compared with those of Blaschko on mono¬ 
amine and diamine oxidase.^^'*® 

(d) Nitrogen-Heterocyclic Compounds. Alkaloids were also the subjects of 
extensive investigations. A very strong inhibitor is the alkaloid from 
Tabemanthe iboga.^^"^ 

(e) Alkyl Fluorophosphates. Considerable attention has been paid in 
recent years to these compounds, the first of which was investigated by 
Adrian et The inhibition is progressive and irreversible*®^ and said 
to be selective for the nonspecific esterase.*^®'*^* 

(/) Alkyl Polyphosphates. These compounds seem to be still more powerful 
inhibitors than the fluorophosphates. Their activity was proved by Dubois 
and Mangun *^2 Chadwick and Hill.*^* 

^•oK. B. Augustinsson, Acta Physiol. Scand. 15, Suppl. 62,182 (1948). 
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7 . ENZYME INHIBITION 


339 


{g) Thiol Reagents, It was shown by Nachmansohn and Lederer^^* that 
cholinesterase is to be considered a sulfhydryl enzyme. Different thiol 
reagents, such as iodoacetic acid, are inhibitors of the enzyme. 

(A) Other Inhibitors, Alcohols, phenols, aldehydes, acids, vitamins, 
hormones, anions, metal salts, etc. For more details and interesting results 
and discussions the publication of Augustinsson^®® should be consulted. 

A recent in\'estigation of Harpur and QuasteP^® reveals the inhibitory 
effects of glucose and fructose on acetylcholine synthesis. In the same paper 
inhibition by n-glucosamine and relief by A'-acetylglucosamine are treated. 

14. Miscellaneous 

Various other examples of enzyme inhibitions are discussed in the literature: In¬ 
hibition of pyrocatechol oxidase by dihydroxymaleic acid.”* Inhibition of succinic 
dehydrogenase by concentrations of cozj^miise higher than the physiological ones.”^ 
Inhibition of carbonic anhydrase by potassium cyanide, hydrogen sulfide, and sodium 
azide.”* Inhibition of enzymatic synthesis of glycogen from glucose phosphate.”* In¬ 
hibition of catahise and cytochrome oxidjise by hydroxyphenothiazine and hydroxy- 
sulfanilamide.’*'' lleversible inhibition of l(— )-cysteic acid carboxjdasc by potassium 
cyanide.’*' Inhibition of lipoxidfise b}' antioxidants and heavy metals.’** Inhibition 
of the copper protein laccase.’** Inhibitors of penicillinase.’*’ Identification of trypsin 
inhibitor of egg white with ovomucoid.’®* Effect of sodium arsenate on phospho- 
esterase from calf intestinal mucosa.’*® Effect of adrenal cortex, anterior pituitary 
extract, and insulin on hexokinase reaction.’*’ Effects of estrogens on malic dehydro- 
gena.se of rat liver.’** Inhibition of rat liver succinic dehydrogenase by synthetic 
estrogens and related substances.’®* Inhibition of hexokinase by amidone, 2-dimeth* 
ylamino-4,4-diphenylhcptan-5-one hydrochloride.’*® Inhibition of the oxidation of 
sViccinic acid by tissue preparations.’®’ Inhibition of xanthine o.xidase and related 
enzymes by 6-pteridyl aldehyde.’®* Inhibition of nucleotidase, with adenylic acid as 
substrate, by glutathione, arsenite, and oxalate.’®* Competitive inhibition by glu- 
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C06e of the phosphorylase synthesizing glycogen from glucose phosphate.Inhibi¬ 
tion of glutamine-synthesizing system of Staphylococcus aureus by penicillin, crystal 
violet, and methionine sulfoxide.^** Inhibition of succinic dehydrogenase by sulfuric 
acid derivatives^®* and surface-active agents.Inhibition of hyaluronidase by sura¬ 
min.^®* Suramin as enzyme inhibitor.'®®* Inhibitors of ribonuclease by monp- and 
tetranucleotides,*®' adenylic and guanylic acids,*®* copper, zinc, and iodoacetate,*®* 
by compounds such as ninhydrin and formaldehyde, attacking the amino group,*®* 
and by streptomycin.*®* Free amino groups are not essential for pepsin and chymo- 
trypsin, while free tyrosine hydroxy groups are essential.*®*'**® Free amino groups 
are essential for pancreatic lipase.*” 


IV. Influence of Radiations on Enzymes 

Under this heading we shall consider only those experiments performed 
with purified enzymes. 

Dale^^^ admits that enzyme molecules are not directly affected by ioniz¬ 
ing radiations, but indirectly through collision with a labile product result¬ 
ing from the ionization of water. This ‘'activated solvent” hypothesis waa^ 
suggested by Risse^*^ ^xid developed by Fricke.-^^ 

According to Weiss^^* the products first formed when water is irradiated 
with X-rays are the positive ion H20'‘’ and an electron: 


H2O 


Radi- 

ation 


+ H,0+ + e 


The reaction + OH is highly exothermic and probably 

occurs soon after ionization. The electron set free at the ionization reacts 
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with water to produce H*0-: 

' H,0 + e-» H,0- 

Decomposition of the HiO~ ion gives 

HsO"-» H + OH- 

Considering another series of possible reactions, it appears that four power¬ 
ful oxidizing agents are formed: the free radicals OH and O 2 H, atomic 
oxygen, and H 2 O 2 . These oxidizing agents may react with — SH groups 
of enz 3 rmes according to the following scheme: 

2 RSH + 20H R 8 —SR + 20H- + 2 H+ 

2RSH + 202H RS—SR 4- 2H202 

2RSH + HjOi ^ RS—SR + 2 H 2 O 

2RSH -h 20 RS—SR + H 2 O 2 

Barron et al. tested the hypothesis that when X-rays act on solutes 
dissolved in water a number of oxidations by the products of the ionization 
of water, such as oxidation of sulfhydryl groups of enzymes, result. They 
observed a reversible inhibition of sulfhydryl enzymes on irradiation with 
X-rays, and a further and irreversible inhibition when the X-ray dose was 
increased. The sulfhydryl enzymes tested were phosphoglyceraldehyde 
dehydrogenase, adenosine triphosphatase, and succinic dehydrogenase. The 
reactivation experiments were made with glutathione. The X-ray dose 
was kept below 5000 r. The irreversible inhibition observed when the dose 
is higher than the one causing reversible inhibition is attributed to protein 
denaturation. The inhibition of the nonsulfhydryl enzymes, trypsin, cata¬ 
lase, and ribonuclease, which requires larger amounts of X-rays than the 
inhibition of — SH enzymes, is also attributed to protein denaturation. 

Barron et thus bring evidence of the fact that inhibition of enzymes 
by ionizing radiations is due to the indirect action of the products of irra¬ 
diated water and not to direct ionization of the enzyme through collision 
with the ionizing radiation. 

In another paper Barron and Dickman*” have examined the influence 
of a-rays from Po, /3-rays from Srs* and 7 -rays from Ra on phosphoglyceral¬ 
dehyde dehydrogenase and urease. After stating that Northrop*** reported 
that the inactivation of crystalline pepsin requires large amounts of /3- 
and 7 -rays from radium, these authors communicate that they observed 

"* E. S. G. Babbon, S. Dickman, J. A. Muntz, andT. P. Sinoeb, Gen. Physiol 
82, 595 (1948-1949). 

£. S. G. Babbon and S. Dickman, J . Gen. Physiol. 32, 595 (1948-1949). 

“• J. H. Northbop, j. Gm. Physiol. 17, 359 (1933-1934). 
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an inhibition of the two — SH enzymes studied. Partial reactivation of the 
enzymes by the addition of glutathione was observed after inhibition with 
a-rays. Evidence that these inhibitions are due to oxidation of the — SH 
groups of the enzymes is given by the irradiation of the mercury-mercaptide 
urease with y-rays. Indeed, this irradiated complex is completely reacti¬ 
vated by glutathione, as is the nonirradiated enzyme. 

The authors state also that the ionic efficiency of all these ionizing radi¬ 
ations on the inhibition of phosphoglyceraldehyde dehydrogenase was 
similar. 
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L Introduction 

Definitions of antigens and antibodies are difficult to devise satisfactorily. 
The definitions given by Topley and Wilson^ run: An antigen is any sub¬ 
stance which, when introduced parenterally into the animal tissues, stimu¬ 
lates the production of an antibody, and which, when mixed with that 
antibody, reacts with it in some observable way. An antibody is any sub¬ 
stance which makes its appearance in the blood serum or body fluids of an 
animal, in response to the stimulus provided by the parenteral introduction 
of an antigen into the tissues, and reacts specifically with that antigen in 
an observable way. 

In the first place this is definition in a circle, but no definitions seem to 
have avoided this objection; the objection is less serious in practice than 
might appear at first sight. But to conform with modem knowledge and 
practice the definitions must be extended and modified. The so-called anti¬ 
body formed in response to injection of antigen may in some cases not react 
with the antigen in a way that is observable unless very special methods 
of observation are used; these antibodies, which are called incomplete anti¬ 
bodies, combine with antigen, but there the reaction may end. The specific 
polysaccharides of the pneumococci will act as true antigens when injected 
into some animals; but it is usual to obtain antibodies to these polysac¬ 
charides by injecting whole pneumococci. When the reactions of the polysac¬ 
charides with the antibodies produced are studied it is usual to speak of the 
polysaccharides as antigens. Antibodies may appear in the semm without 
any previous introduction of antigen. The group-specific agglutinins in 
human serum, which agglutinate the red corpuscles of incompatible groups, 
seem to be part of the hereditary makeup of the individual and not an 
acquired character; but they do not seem to differ essentially from other 
agglutinins that are antibodies in the sense of the definition. 

The essential characteristic of antibodies is that they combine specifically 
with antigens. This specificity is the feature common to the reactions 
between antibody and antigen and between enzyme and substrate* The 
main contribution that immunology can make to the study of enzymes lies 
in the information that it may give about this specific combination. 

^ W. W. C. Topley and G. S. Wilson, The Principles of Bacteriology and Immunity. 
Edwin Arnold, London, 1936, p. 137. 
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n. Reactions between Antibodies and Antigens 

A short description of certain aspects of the reactions between antibodies 
and antigens is needed in order to make the subsequent discussion clear. 

1. The Nature of Antibodies 

An animal that has been treated with antigen is said to be immunized. 
A serum which contains an antibody is called an antiserum. It is customary 
to use whole antisera or the globulin fractions of antisera rather than the 
isolated antibodies. The antibodies are globulins. They have the electro¬ 
phoretic mobility of 7 -globulin or a mobility between these of / 3 - and 7 - 
globulin. The antibodies in rabbit sera, with one exception, have the same 
molecular weight (about 160,000) as the major component of the globulin 
(Rabat,^ Pait*). The antibodies in horse sera that react with proteins have a 
molecular weight of the same order; those that react with polysaccharides 
may have a molecular weight of about 900,000, equal to that of a minor 
component of normal horse serum or may have molecular weights inter¬ 
mediate between 900,000 and that of the main globulin component (Heidel- 
berger and Pedersen,^ Rabat,^). 

2. Formation of Precipitates 

The simplest reaction between antigen and antibody is the formation of 
a precipitate when solutions of antigen and antibody are mixed. This reac¬ 
tion lends itself to chemical study, as one reagent, the antigen, and some¬ 
times the antibody, can be used in a pure state and the products of the 
reaction can be measured. If the antigen is fixed on the surface of particles, 
these particles run together into clumps; this is called agglutination and the 
antibody involved is then called an agglutinin. This reaction is strictly com¬ 
parable to precipitation; the difference lies in the physical state of the 
antigen; the same antibody can both form a precipitate with an antigen in 
solution and agglutinate particles coated with antigen. 

A point that is of primary importance and has a special interest in relation 
to anti-enzymes is that these precipitates consist of antibody and antigen. 
They do not adsorb other proteins; an exception to this rule is the fixation 
of complement, which is discussed later. The precipitates are very slightly 
soluble at a temperature near 0 °C. The ratio of antigen to antibody in a 
pi;ecipitate depends on the proportions in which antigen and antibody are 
mixed and not on their concentrations in the mixture. The precipitates are, 
therefore, highly insoluble compounds of antigen and antibody. 

The relation between the amount of antigen added and the amount of 

»E. A. Rabat, /. ExplL Med. 69, 103 (1939). 

• M. Paic, Bull, 8 OC. chim. biol. 21, 412 (1939). 

* M. Heidelberger and K. O. Pedersen, J, Exptl. Med, 66, 393 (1937). 
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antibody precipitated and the composition of the precipitate formed, when 
variable amounts of antigen are added to a constant amount of antibody, 
is shown by a precipitation curve (Fig. 1). 

In a zone A to B, which is called the equivalence zone, neither antigen 
nor antibody can be detected in the supernatant fluid after the precipitate 



Antigen N added, /aq. 

Fig. 1. Amount of antibody N precipitated from a constant amount of anti-hen- 
egg albumin serum by hen-egg albumin and duck-egg albumin and ratio of antibody 
to antigen in the precipitates (A. G, Osier and M. Heidelbergeri J. Immunol. 60, 327, 
1948.) 

—-X—X—X— Hen-egg albumin 
—O—O—O— Duck-egg albumin 

has been separated. In the zone OA, the zone of antibodj^ excess, antibody 
can be detected in the supernatant: in the zone to the right of B, the zone 
of antigen excess, antigen can be detected in the supernant. As the amount 
of antigen rises, in the zone of antigen excess, the amount of precipitate 
gradually falls to zero; both antigen and antiliody remain in solution. 

The molecular compositions of the procipitatos formed by certain pro- 
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tein antigens of different molecular weights with the corresponding anti¬ 
bodies are given in Table I. 

The curve shown in Fig. 1 is the typical curve obtained with rabbit 
antisera, both with protein and polysaccharide antigens. With horse anti¬ 
sera and polysaccharide antigens similar curves are obtained. The curve 
(Fig. 2) given by diphtheria toxin and horse serum antibody (diphtheria 
antitoxin) is typical of the reactions between horse antisera and protein 
antigens. No precipitate is formed when either antigen or antibody are 
slightly in excess. It is possible that the difference between the two types of 
horse antisera depends on the route of immunization and not on the nature 
of the antigen. 

This curve given by diphtheria toxin with the horse antitoxin is of special 
interest in relation to the work that has been done on the hydrolysis of 
antitoxin by proteases. Antitoxin is measured in arbitary units. Toxin is 


TABLE I 

M0LECUI.AR Composition of Antigen-Antibody Precipitates 


Antigen 

Molecular 

weight 

Composition of precipitate 

At extreme 
antibody 
excess 

At A 

At B 

At extreme 
antigen 
excess 

Egg albumin 

44,000 

AsG 

A,G 

A 3 G 2 

A 2 G 

Horse serum albumin 

70,000 

AiG 

A 4 G 

AjG 

A,G 

Diphtheria toxin 

72,000 


A 2 G 

AG 


Thyreoglobulin 

630,000 

A 40 G 

A 14 G 

AioG 

A,G 


A Antibody 
G » Antigen. 


measured in Lf (flocculating units); 1 Lf of pure toxin contains 0.46 /ig* 
of N (2.87 ftg. of protein). One Lf of toxin is neutralized by approximately 
one unit of antitoxin. 

In Fig. 2 the segment of the curve between A and B is straight and rises 
by 0.465 /ig- for each flocculating unit of toxin added; this is very nearly 
equal to the N in 1 Lf of toxin. It is inferred that all the antitoxin (300 units) 
and all the toxin added are precipitated in this range and that 300 units of 
antitoxin contain 470 to 480 ng. of N, the difference between the N in the 
precipitate and that in the toxin added; that is, about 1.6 /tg. of antibody 
N per unit. However Pope and Healey* think that some of the compound 
of toxin and antitoxin remains in suspension and that antitoxin contains 
60-00,000 units per gram of protein; this estimate gives 2.7 to 1.8 ftg. of N 
per unit. 

• C. G. Pope and M. Healey, Brit. J. ExpU. Path. M, 213 (1939). 
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3. Rate of Combination 

Antigens and antibodies combine rapidly on mixing. Heidelberger, 
Treffers and Mayer® concluded that combination between egg albumin and 
antibody was complete in 20 seconds even at 0®C. The combination is re¬ 
versible even after a precipitate has formed. Antibody can be recovered from 
the precipitate by mild treatment such as extraction with strong salt solu- 

Toxin added, Lf. 



Fig. 2. Amount of precipitate N (micrograms) formed by diphtheria toxin with 
antitoxic serum (300 units, upper curve) and with digested diphtheria antitoxin 
(300 units, lower curve). 

Unbroken horizontal line: Total undigested antitoxin in mixtures 
Broken horizontal line: Total digested antitoxin in mixtures (Data from 
A. M. Pappenheimer and E. S. Robinson, J. Immunol. 32 , 291, 1937, and J. Bour- 
dillon. Arch. Biochem. 6,385,1944.) 

tion (Heidelberger and KendalF). If, after a precipitate has formed in a 
mixture of antigen and antibody, a further instalment of antigen or anti* 
body is added, the eventual amount and composition of the precipitate is 
the same as it would be if the antigen and antibody were mixed in one stage 
in the final proportions; the final state is reached but slowly. 

•M. Heidelberger, H. Treffers, and M. Mayer, /. ExptL Med. 70, 271 (1940). 

^M. Heidelberger and F. E. Kendall, ibid. 61, 559 (1935). 
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4. Cross Reactions 

A substance B, whicLcan act as an antigen, may form a precipitate with 
an antiserum that has been made by immunizing an animal with an antigen 
A, which closely resembles B. Such interactions between similar antigens 
and the corresponding antisera are known as cross-reactions. The type of 
precipitation curve usually given by a heterologous antigen is illustrated in 
Fig. 1. The maximum amount of precipitate formed with the heterologous 
antigen, duck-egg albumin, is less than that formed with the homologous 
antigen, hen egg-albumin. The heterologous antigen does not precipitate 
all the antibody; if hen-egg albumin is added to the supernatant fluid after 
the maximum precipitate with duck-egg albumin has been separated, a 
further precipitate of hen-egg albumin and antibody is formed. 

The amounts of precipitate formed by antigens with antisera are often 
expressed semiquantitatively by a number of + signs. Care must be taken 
in interpreting the results. In the first place the amount of antigen added 
may not be that which will form the maximum amount of precipitate with 
the antibody in the serum. In the second place, antisera differ; comparisons 
should be made between the amounts of precipitate formed by two antigens 
with the same antisera, not between the amounts of precipitate formed by 
one antigen with antisera to two different antigens; in Table III the hori¬ 
zontal rows should be compared, not the vertical columns. Also, an anti¬ 
serum that contains little antibody may form no precipitate with a heterolo¬ 
gous antigen; whereas an antiserum that contains more antibody may form 
a precipitate with this antigen. Some of the antisera made by immunizing 
with enzymes are weak; the failure of similar enzymes, derived from dif¬ 
ferent species, to form precipitates with such antisera is evidence that the 
two enzymes are not identical, but it cannot be inferred that they are not 
immunologically related. 

5. Anaphylaxis 

If a small amount of antigen is injected into a guinea pig, a second in¬ 
jection, at best some three weeks later, is followed by a condition called 
anaphylactic shock. The most important features of this state are contrac¬ 
tion of the muscles of the bronchioles and a fall of the blood pressure. 
Other animals, dogs for example, are liable to anaphylactic shock, though 
the manifestations are different. The shock is due, indirectly, to the reac¬ 
tion of antigen with antibody fixed in the tissues. Like the precipitation 
reaction, it is specific. A still more specific method was introduced by Dale. 
The uterus of a sensitized female guinea pig is suspended in a bath of 
Ringer’s solution; on addition of the homologous antigen the uterus con¬ 
tracts. By this method Dakin and Dale® were able to demonstrate a dif- 

• H. D. Dakin and H. H. Dale, Biochem. J, 13, 248 (1919). 
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ference between the albumins of hens’ and ducks’ eggs, which they had not 
distinguished by a qualitative precipitin test and by the anaphylactic reac¬ 
tion of the intact animal. The method is particularly useful in dealing with 
antigens which do not readily form antibodies. Ten Broeck* used this 
method to distinguish between the trypsin of pigs and cattle and between 
chjrmotrypsin and chymotrypsinogen. 

6. Foreign Proteins 

Proteins of an animal, which differ in composition, differ immunologi- 
cally. There is no ^species specificity* common to all the proteins of animals 
of the same species. In the immunological sense a foreign protein is one 
which will stimulate the formation of antibodies in an animal or sensitize 
an animal to further injection of the same protein. The sense in which 
Northrop^® (p. 57) uses the expression—‘‘the sense that it” (a protein) 
“is immunologically distinct from the serum proteins”—is unusual. 

in. Specific Combination of Antigen and Antibody 

1. Relation to Composition and Structure 
a. Determinanty Groups 

The chief evidence of the specific combination of antigen and antibody 
is derived from the use of artificial antigens made by attaching some new 
group to a protein. In most of the work that has been done on these lines 
the new group was attached by an azo-link; for example w-aminobenzene 
sulfonic acid (D') can be diazotized and then coupled with a protein, e.g., 
horse serum albumin (P')—forming the azo-protein P'D'. Rabbits immu¬ 
nized with P D' form precipitates not only with P'D', but also with similar 
compounds formed with another protein (P")—for example, egg albumin— 
coupled with w-aminobenzene sulfonic acid ; also with P" coupled with some 
closely related compound (D") such as o-aminobenzene sulfonic acid, 
though in this case the amount of precipitate will be much less; but not 
with P" coupled with some less closely related diazo compound (B) such 
as p-aminobenzenearsonic acid (Table II); these reactions are specific. 
Such groups, that confer a specificity on the proteins to which they are 
attached are called determinant groups. 

h. Haptenes 

Compounds made by coupling D' with relatively small molecules such 
as phenol (T) do not, as a rule form precipitates with antisera to P'D', but, 

• C. Ten Broeck, J. Biol. Chem. 106, 724 (1934). 

J. H. Northrup, Crystalline Enzymes. Columbia University Press, New York, 

1930. 
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if in sufficient concentration, they inhibit the formation of a precipitate 
by P"D' and the antiserum to P'D'; this inhibition, again, is relatively 
specific. TD", also, may inhibit, but a higher concentration is needed. 
The inhibition of formation of a precipitate is an example of competitive 
inhibition; the TD' combines with antibody and blocks the approach of 
P"D'. As the formation of a precipitate has little relation to the nature of 
the protein P" the specificity of the reaction lies in the combination of the 
determinant group D' with the antibody and not in the formation of a 
precipitate. Simple compounds TD' that contain a determinant group are 
called haptenes. 

The reactions of these artificial antigens afford an excellent opportunity 
for the study of the relation of biological specificity to composition and 
structure. Suitable determinant groups can be chosen to decide questions 
that may arise and rabbits may be induced to make antibodies to corre- 

TABLE II 

Amount of Precipitate Formed on Addition of Homologous and 
Heterologous Antigens to an Antiserum 
(K. Landsteiner and J. van der Scheer, J. Exptl. Med. 63, S25, 1936.) 


Antiserum to m-amino benzene sulfonic acid coupled to horse serum protein. 
Test antigens prepared from chicken serum proteins. 


Determinant group of test antigen 

Position of acid group in determinant 
group of test antigen 

Ortho 

Meta 

Para 

Benzenesulfonic acid 

H-=b 


db 

Benzenearsonic acid 

0 


0 

Benzoic acid 

0 

■f 

0 


spond; whereas we have to take enzymes as we find them. The relation of 
specific activity to composition and structure can be demonstrated; (a) 
by the amount of precipitate formed by a heterologous compound (P"D'^) 
with antiserum to P'D' (Table II), (b) by the degree of inhibition of the 
formation of a precipitate by antiserum (anti-P'D') and homologous anti¬ 
gen (P"D' by heterologous haptene (TD") (Table III); or by the concen¬ 
tration of heterologous haptene required to inhibit. 

The examples given illustrate the effects of changes in elementary com¬ 
position (— ASO3H2, — SO3H, —COOH). Changes in the nature of small 
neutral substituents attached to the benzene ring have little effect; —Cl, 
—Br and — CH3 are almost equivalent. Acid groups have a predominant 
effect. Antisera to antigens in which D' is p-toluidine form precipitates with 
the compounds P"D", in which D" is p-chloro- or p-bromoaniline or p- 
aminobenzoic acid methyl ester; but not with that in which D" is p-amino- 



352 


J. R. MARRACK 


benzoic acid (Lansteiner and van der Scheer^O- The immunological dif¬ 
ference between optical isomers is illustrated by experiments with antigens 
formed from tartranilic acid (Landsteiner and van der Scheer'*). The anti¬ 
serum to the levo-antigen formed no precipitate with the dextro-antigen, 
Which differs from the homologous antigen in the configuration at both 
asymmetric C atoms, and a slight precipitate with the meso-antigen, 
from which it differs in the configuration at one C atom. Similarly the anti¬ 
serum to the dextro-antigen formed no precipitate with the levo-antigen 
and a slight precipitate with the meso-antigen. 

TABLE III 

Inhibition op Precipitate Formation with Homologous Test Antigen bt 
Homologous and Heterologous Haptenes 
(J. Jacobs, J. Gen. Physiol. 20, 353, 1937.) 


Antiserum 
to antigens 
prepared 
from 



Haptenes 




NH, 

QsOall 

Cl 

NH, 

Qso,h 

Cl 

NH, 

QsOaH 

Br 

NH, 

Qso,h 

Br 

NH, 

Qs(),h 

CH, 

NH, 

Qso.h 

CHa 

Control 

NH, 

j^O,H 

Br 

NH, 

yv 








F. tr. 


0 

-hi 

db 

! -h± 

-f-hi 

lJsO,H 

Br 

4-± 

F. tr. 

+± 

1 0 

1 

1 

=b 

+ + 


c. Polypeptide Determinant Groups 

Experiments that are most important in relation to the specificity of 
natural proteins are those of Landsteiner and van der Scheer.^*’*^^*^^ In the 
latest of these they diazotized the p-aminobenzoyl compounds of penta- 
peptides, coupled these with proteins and immunized rabbits with these 
azo-proteins. The antisera obtained were tested with azo-proteins, similarly 
made with single amino acids and with di-, tri-, tetra- and pentapeptides 
attached. Inhibition tests were made with nitrobenzoylated amino acids 

K. Landsteiner and J. van der Scheer, J, Exptl. Med. 46, 1045 (1927). 

K. Landsteiner and J. van der Scheer, ibid. 50, 407 (1929). 

Landsteiner and J. van der Scheer, ibid. 66, 781 (1932). 

K. Landsteriner and J. van der Scheer, ibid. 69, 769 (1934). 

K. Landsteiner and J. van der Scheer, ibid. 69, 705 (1939). 
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and peptides. The results gave no indication of the presence in the anti¬ 
sera of special antibodies for parts of the peptide molecule; antibodies ap¬ 
peared to be specific for the whole pentapeptide. The specificity depended 
both on the nature of the amino acids and on order of their sequence 
(Table IV). It is remarkable, on the one hand, that the difference of a 
CH, 

/ 

—CH 2 —CH group at the end of the peptide should have a con- 

CH, 

siderable effect on specificity and, on the other hand that single benzoylated 
amino acids should inhibit to some extent. 

TABLE IV 

Inhibition by Polypeptide IIaptenes ok the Formation of Precipitates by 
Polypeptide Antigens on Addition to Homologous Serum 
(K. Landsteiner and J. van der Scheer, J. Exptl. Med. 69, 705, 1939.) 


Anti¬ 

serum 

Haptene 

i 

L 

G2 

LG 2 

G:,L 

G4L 

G2LG2 

Gs 

Glut. 

G2 

Tyr. 

62 

Control 

G. L 

+ -f 

— 


± 

Tj 

444 

4444 

— 

— 

+++I 

G. 

- 

-f± 

4-dr 


+± 

44 

0 

44 

44 

444 

G'i L(l 2 

— 

+ -i-=b 

44 


+ + 4-± 

0 

444 

444 

444 

4444 


Antisera of rabbite immunized with azo-i)roteins prepared from stromata of red blood corpuscles. Test 
antifcena prepared from chicken serum proteins- 
Nitrobenzoylated peptides as haptenes. 

G — glycine: L *» leucine; Glut. *■ glutamic acid; Tyr. =■ tyrosine; I- Gi •= p-nitrobenzoyUleucyl-glycyl- 
glycine, etc. 


Haptenes are less efficient inhibitors when they differ in composition from 
the determinant group of the antigen used for immunization (Table III), 
The efficiency of inhibitors is better shown by the relation of the amount 
of precipitate obtained to the concentration of haptene. Pauling and his 
colleagues (Pauling et Pressman et Pauling et aZ.^*) have calcu¬ 
lated the relative bond-strength constants for the haptene-antibody bond. 
Even if the various assumptions and approximations involved in these 
calculations are justified the quantitative results cannot be accepted, as 
no allowance has been made for the binding of the haptenes by the albumin 
of the sera used; but the results illustrated the variation of efficiency with 
configuration and composition. These, like those of Erlenmeyer and Ber- 

L. Pauling, D. Pressman, D. H. Campbell, and C. Ikeda, J. Am. Chem, Soc. 64, 
3003 (1942). 

” D. Pressman, D. H. Brown, and L. Pauling, ibid. 64, 3015 (1942). 

L, Pauling, D. Pressman, and A, L. Grossberg, ibid. 66 , 784 (1944). 
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ger,^* show that the eflSciency of benzene-acid haptenes is increased when 
the H atom at the site of attachment of the—N = N— group in the homol¬ 
ogous azo-protein antigen is replaced by some larger atom or group. For 
example tyrosine-azo-benzene sulfonic acid is a more effective inhibitor 
than benzene sulfonic acid. The area of the determinant group that com¬ 
bines with antibody is not therefore limited to the acid group, nor to the 
benzene ring. The superiority of the larger haptenes may be greater than 
appears. For the albumin of the antisera used probably combines with a 
higher proportion of the larger than of the smaller haptenes (cf. Klotz^®) 
and, consequently, less of the larger haptene is free to combine with anti¬ 
body and inhibit precipitation. 

d. Comparison with Growth Factors 

The method of attaching determinant groups to proteins used in most of 
these experiments involved the use of substituted anilines. The type of com¬ 
pound used in the studies was, as a rule, unrelated to the substrates of ♦ 
enzymes. However the effects of changes on composition and structure on 
the specificity of these compounds are like the effects on the activity of 
growth factors which are essential parts of coenzymes; examples are given 
in Table V. The inhibition of precipitation by haptenes, in particular, 
recalls inhibitions such as the inhibition of growth by pyridine-3-sulfonic 
acid which is reversed by nicotinic acid. 

e. Carbohydrate Determinant Groups 

The importance of the bacterial polysaccharides in relation to immunity 
led to the use of carbohydrate derivatives as artificial antigens. The speci¬ 
ficity of the reactions of these antigens with antibodies is, in some respects, 
comparable to the specificity of the reactions of enzymes with carbohydrate 
substrates. The method used was to attach the carbohydrate by a glucoside 
link to p-nitrophenol; to reduce the nitro group, diazotize and couple to a 
protein. A monosaccharide Si or a disaccharide Si—S 2 might be used (S 2 
being attached to the phenol). The antigens used differed in four par¬ 
ticulars: (1) the a or P form at the attachment of the terminal mono¬ 
saccharide Si to S 2 or phenol; (2) the configuration at C atoms other than 
No. 1; (3) the use of a mono- or disaccharide; (4) the point of attachment 
of the Si—S 2 link. The work of Avery, Goebel, and Babers^^ and Goebel, 
Avery, and Babers^ show the influence of these differences on specificity 
by methods (a) and(b) above: for example, antiserum to i9-glucoside anti¬ 
gen forms more precipitate with the /3-glucoside compound than with the 

H. Erlenmeyer and E. Berger, Biochem. Z. 262, 196 (1933). 

* 0 1. M. Klotz, /. Am. Chem. Soc. 68, 2299 (1946). 

“ O. T. Avery, W. F. Goebel, and P. II. Babers, J. Expil. Med. 66, 769 (1932). 

“ W. P. Goebel, 0. T. Avery, and P. H. Babers, ibid. 60,659 (1934). 
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a-glucoside compound (difference 1) or with the /S-cellobioside and fi-gen- 
tiobioside compounds (difference 3) and none with the d-maltoside com- 


TABLE V 

Effects of Modifications of Antigens on Immunological Reactions and of 
Modifications of Growth Factors on their Efficiency 


Modification 

Immunological 

Growth 

Change of position of 
—COOH group 

o-Benzoic acid antigen with 
m-benzoic acid antise¬ 
rum, no precipitate.® 

Picolinic acid does not re¬ 
place nicotinic acid for 
bacteria (p. 123).^ 

Change of position of 
CH 3 group 

o-Toluidinc and m-tolui- 
dine antigens with p-to- 
luidine antiserum, less 
precipitate.*' 

Transfer from C 2 to C 6 in 
pyridine ring of thiamme 
(isothiamine) 1 / 10 ,(K )0 
efficiency (p. 130).^ 

Substitution of —Cl for 
-CHa 

p-Chloroaniline and p-tolu- 
idine equivalent.® 

Dichlorofiavin inhibits ri¬ 
boflavin (p. 218).*’ 

Substitution of CHa for 
—H 

Toluidine antigens with ani¬ 
line antiserum, less pre¬ 
cipitate.® 

Substitution at C 2 in thi- 
azole ring inactivates 
thiamine for Staph, au¬ 
reus (p. 129).^ 

Substitution of —SO 3 H 
for -COOH 

m-Sulfonic acid antigen 
with m-benzoic acid anti¬ 
serum, much less precipi¬ 
tate (Table II). 

Pyridine-3-sulfonic acid in¬ 
hibits nicotinic acid 
(p. 215).^ 

Substitution of 
«C -C 

\ \ 

S for C 

/ / 

=c c=c 

Homologous antigen more 
precipitate than heterolo¬ 
gous.® 

Pyrithiamin inhibits 

growth (p. 219).^ 

Substitution of 0 for S 

Homologous antigen more 
precipitate than heterolo¬ 
gous.® 

0 -xybiotin can replace bio¬ 
tin for yeasts and L. 
casei (p. 143).** 


^ K. Landsteiner, The Specificity of Serological Reactions. C. C. Thomas, Springfidd, Illinois, 1936, p 
106. 

^ Page numbers refer to T. S. Work and B. Work, The Basis of Chemotherapy. Oliver and Boyd, Lon¬ 
don, 1948. 

^ K. Landsteiner and J. van der Scheer, J. ExptL Mti, 45, 1045 (1927). 

^ K. Landsteiner and J. van der Scheer, J. Exptl, Med. 63, 325 (1936). 

* B. Berger and E. Erlenmeyer, Help. Chim. Acta 16, 731 (1933). 

pound (difference 1 and 3); and no precipitate with the |9-galactoside (dif¬ 
ference 2) or d-lactoside antigen (difference 2 and 3). The antiserum to the 
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j9>-cellobioside antigen forms more precipitate with the jS-cellobioside antigen 
than with the jS-gentiobioside compound (difference 4). These immuno¬ 
logical specificities resemble the specificities of enzymes. Thus a and 
glucosidases are specific (difference 1); glucosidases do not split galactosides 
(difference 2). 

/. Bacterial Polysaccharides 

The structure of some of the bacterial polysaccharides is known well 
enough for specificity to be related to it. Thus the polysaccharide of Type 
III pneumococci has the structure —(Gn—Gl)—(Gn—Gl)—(Gn—Gl)— 
where Gn is a glucose residue and Gl a glucuronic acid residue (Hotchkiss 
and GoebeP); Type VIII polysaccharide appears to have the structure. 

—(Gn—Gl)—Gl—Gl—(Gn—Gl)—Gl—Gl—(Gn—Gl)— 

About one-third of the antibody in a horse antiserum to Type VIII pneu¬ 
mococci and less of the antibody in rabbit antiserum is precipitated by 
Type III polysaccharide (Heidelberger, Kendall and Mayer^O. The poly¬ 
saccharide of Type II pneumococci also contains glucuronic acid; that of 
Type I pneumococci contains galacturonic acid. The horse antisera to both 
Type II and Type III pneumococci form precipitates with certain gums that 
contain glucuronic acid and with synthetic compounds containing glu¬ 
curonic acid; Type I antiserum does not form precipitates with these gums 
and synthetic compounds. The formation of such precipitates with Type 
II and Type III antisera is inhibited by glucuronic acid but not by galac¬ 
turonic or mannuronic acid (Goebel,Woolf, Marrack and Downie,** 
Marrack^). The acid group of the uronic acid is essential, for synthetic 
compounds containing glucose in place of glucuronic acid are not precipi¬ 
tated by Type III antisera; glucose will not inhibit; the methyl ester of 
Type I polysaccharide does not form a precipitate with Type I antiserum. 

Although the correct position of the—OH group at the C 4 atom is essen¬ 
tial, the —OH, as such, seems to be of less importance in relation to the 
specificity of Type III polysaccharide than in enzyme reactions. Methy¬ 
lated Type III polysaccharide forms a precipitate with Type III anti¬ 
serum, though this is considerably less than that formed by the untreated 
polysaccharide (Heidelberger and KendalP); the introduction of methyl 
groups into an —OH and a —NH 2 group of Type I polysaccharide does not 
prevent precipitation with Type I antiserum (Chow and GoebeP*). How¬ 
ever, dimethyl-methylglucuronide does not inhibit the formation of a pre- 

•• R. D. Hotchkiss and W. F. Goebel, J. BioL Chem. 121 , 495 (1937). 

**M. Heidelberger, E. A. Kabat, and M. Mayer, J. ExptL Med. 76, 35 (1942). 

«W. F. Goebel, J. Bact. 81, 66 (1936). 

»• B. Woolf, J. R. Marrack, and A. W. Downie, J. Soc. Chem. Ind. 66 , 156 (1936). 

” J.B,. Marrack, Proc. Intern. Congr. Microbiol, p. 425 (1937). 

M B. F. Chow and W. F. Goebel, J. ExptL Med. 62, 179 (1935). 
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cipitate by gums (containing glucuronic acid) with Type II antipneumo- 
coccal serum whereas glucuronides do inhibit (Marrack^^). 

g. Natural Proteins 

The immunological specificity of natural proteins is much more remark¬ 
able than that of the polysaccharides and more difficult to explain. Anti¬ 
sera to ox serum albumin form little or no precipitate with human 
serum albumin. These two proteins differ very little in physical properties 
and in composition (see EdsalP®). As the immunological resemblance 
gets less the chemical or physical differences become greater. Turkey egg 
albumin forms a considerable precipitate with antiserum to hen egg- 
albumin; the electrophoretic mobilities of the two albumins at pH 5.2 
are nearly the same (Landsteiner, Longsworth, and van der Scheer®^). 
The mobility of duck egg albumin, which forms less precipitate with anti¬ 
hen-albumin serum, is definitely higher. 

h. Differences between Antibodies 

Moreover, no constant differences have been found between antibodies 
and other serum globulins, or between antibody to one antigen and anti¬ 
body to another, that will account for their specific activities. In horse 
sera the molecular weights of some of the antibodies are in the neighbor¬ 
hood of 170,000 while the molecular weights of others are heavier. Here 
there is some relation to the nature of the antigen, for the antibodies to 
bacterial polysaccharides fall in the second group and antibodies proteins 
in the first group. But both groups include antibodies to diverse antigens. 
In rabbit sera all the known molecular weights of antibodies, with one 
exception (hemolysins, Pai6*) are of the same order. 

Antibodies, being globulins, will act as antigens; if antibodies formed in 
an animal of one species are injected into an animal oi another species they 
will give rise to antisera containing anti-antibodies. It might be expected 
that the characteristics that confer their specific properties as antibodies on 
globulin molecules would also confer antigenic differences. However, the 
quantitative experiments of Treffers and Heidelberger®®*^ show that antisera, 
formed by immunizing rabbits with horse antibodies to the pneumococcal 
polysaccharides, will distinguish between the horse antibodies to pro¬ 
tein antigens (egg albumin and diphtheria toxin) and antibodies to bac¬ 
terial polysaccharides; but these antisera will not distinguish between 
antibodies to the different polysaccharides of pneumococcus Type I, Type 
II, Type VIII and of H, influenzae. Antisera formed in chickens will not 
distinguish between rabbit antibodies to pneumococcal polysaccharides 

•• J. T. Edsall, Advances in Protein Chem. 3, 465 (ld47). 

K. Landsteiner, L. G. Longsworth, and J. van der Scheer, Science 88, 83 (1938). 

H. P. Treffers and M. Heidelberger, J. Expll. Med. 73, 126 (1941). 



358 


J. R, MARRACK 


and rabbit antibodies to egg albumin (Treffers and Heidelberger^O* The 
antibodies to diverse antigens are no better distinguished by their antigenic 
specificity than they are by differences of molecular weight. 

2. Effects of Modification of Amino and Tyrosine Groups 
OF Antigens, antibodies, and Enzymes 

Antibodies and antigens have been treated with various reagents w'ith 
the object of finding out what groups are involved in the specific combina¬ 
tion rather than of introducing a new determinant group, as in the ex¬ 
amples already given. The group attached should not be so large that its 
bulk will prevent the approach to other parts of the molecule. A treated 
antibody may combine with antigen but fail to precipitate or agglutinate 
it. Such an antibody will inhibit or delay precipitation or agglutination by 
untreated antibodies, and, if a particulate antigen is used, will change the 
surface properties of the antigen; it may also protect animals against the 
homologous toxin or virulent bacteria. A treated antigen, that combines 
with antibody, but is not precipitated, will inhibit precipitation or agglu¬ 
tination by untreated antibody. Unfortunately, this distinction between 
failure to combine and failure to agglutinate or precipitate has not always 
been made. It is alsg possible that aggregation of serum albumin with the 
globulin (which contains the antibodies), such as is found when sera are 
heated (Kleckowski^-) or photoirradiated (Smetana and Shemin®*) may 
follow treatment with the reagents used; such a change may lead to loss of 
ability to precipitate while ability to combine is not affected. 

a. Amino Groups 

The most important studies have used reagents that affect the free amino 
groups and the phenol group of tyrosine. Formaldehyde combines with the 
primary amino groups and affects other groups when higher concentrations 
are used and the action is prolonged. Antibodies treated with formaldehyde, 
neutralize toxins as well or nearly as well as untreated antitoxins (Eisler 
and Lowenstein^O but do not form precipitates with the toxins (Eagle®®). 
Mudd and JolTe®® showed that agglutinins, treated with formaldehyde 
combined with the antigens as they inhibited agglutination by untreated 
serum and altered the surface changes of the antigens. Chow and GoebeF* 
found that purified antibody to Type I pneumococci, treated with formalde- 

H. P. Treffers and M. Heidelberger, ibid, 73, 293 (1941). 

” A. Kleckowski, Brit. J. BxplL Path. 22, 192 (1941). 

” H. Smetana and D. Shemin, J. Exptl, Med. 73, 223 (1941). 

M. von Eisler and E. Lowenstein, Zenlr. Baht. Parasitenk. Abt. /. Orig. 261, 
63 (1912). 

«H. Eagle, J. Exptl. Med, 67, 495 (1938). 

••S. Mudd and E. W. .Ioffe, J. Gen. Physiol. 16, 947 (1933). 
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hyde, did not form precipitates with Type I polysaccharide. Eagle»‘ did 
not fed that formaldehyde abolished the ability of antibody to precipitate 
when purified antibody was used, but Heidelberger, Grabar, and Treffers” 
confirmed the results of Chow and Goebel and concluded that Eagle treated 
the antibody at a hydrogen ion too high for the formaldehyde to attack 
the amino groups. Chow and Goebel suggest that the combination of anti¬ 
body and polysaccharide antigen, the specificity of which is determined 
by an acid group, is due to the attraction between the —COOH groups of 
the polysaccharide, and suitably spaced —groups of the antibody. 
However, Eagle*® found that the antibodies of whole sera treated with form¬ 
aldehyde still combined with the polysaccharide. 

Kctene had a vogue as a reagent that combines with amino groups. Chow 
and Goebel** found that purified Type I antipneumococcal antibody, which 
had been treated with ketene and contained one acetyl group for every 
primary amino group present in the original molecule, would not form a 
precipitate with the Type I polysaccharide. Goldie and Sandor** found 
that diphtheria antitoxin no longer flocculated with diphtheria toxin when 
17 to 19% of the amino groups had been acetylated, but still neutralized 
(and therefore combined with) toxin when over 25% of the amino groups 
were acetylated. It appears that the amino groups of antibodies, with the 
possible exception of antibodies to acid antigens, are not involved in com¬ 
bination with antigens. The amino groups of antigens seem to play an even 
less important part in the specific reactions of protein antigens. Kleckow- 
ski** found that horse serum globulin and egg albumin treated with phenyl- 
isocyanate precipitated all the antibody from antiserum to the untreated 
proteins. In the globulin the free amino groups, estimated with nitrous 
acid, has been reduced 61% with formaldehyde and 60% with phenylisocya- 
nate; in the egg albumin by 47 and 70%, respectively. However, Haurowitz, 
Sarafian, and Schwerin** found that when about 100 acetyl groups per 
molecule were introduced into horse serum pseudoglobulin the product 
would no longer form a precipitate with antiserum. 

Pappenheimer** found that the number of free amino groups blocked 
when purified diphtheria toxin was treated with formaldehyde in low con¬ 
centration or with ketene for a short time corresponded closely with the 
number of c-amino groups of lysine; the number of flocculating units was 
not affected by this treatment. Further treatment with ketene acetylated 
the —OH groups of tyrosine; the treated toxin then no longer flocculated 
with antitoxin. 

" M. Heidelberger, P. Orabar, and H. P. Treffers, J. Exptl. Med. 68. 913 (1938). 

•• H. Goldie and G. Sandor, Compt. rend. toe. biol. 138, 974 (1938). 

'* A. Kleckowski, Brit. J. Exptl. Path. 31. 1 (1940). 

** F. Haurowitz, K. Sarafian, and P. Schwerin, J. Immunol. 40, 391 (1941). 

A. M. Pappenheimer, Jr., J. Biol. Chem. 136, 201 (1938). 
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5. Diphtheria Toxoid 

In the customary method of converting toxin to toxoid, which is non¬ 
toxic, the time of exposure to formaldehyde is much longer than in the 
usual treatment of proteins by which the groups affected are mainly the 
amino groups. Recently Woiwod and Lingwood^* separated by two- 
dimensional paper chromatography the amino acids of such toxoid hy¬ 
drolyzed with acid, and found that tyrosine was absent.^^® Holden and 
Freeman'*^ and Brown^^ have shown that formaldehyde reacts with tyrosine 
to give a product that has no amino groups; this product resists acid hydrol¬ 
ysis. In spite of the absence of tyrosine such toxoid flocculates with anti¬ 
toxin and gives rise to antitoxin on injection. 

The number of flocculating units of diphtheria toxin treated with formal¬ 
dehyde or after acetylation of 33 to 54% of its amino groups with ketene 
is the same as that of the untreate<l toxin (Goldie^^). 

c. Tyrosine Groups 

Treatment of antigens with iodine has more effect on their reactions with 
antibodies. Kleckowski^® found iodination of horse serum globulin in alka¬ 
line solution, which reduced the color value with Folin’s phenol reagent by 
about 70% led to complete loss of ability to form a precipitate with anti¬ 
serum to native horse serum globulin. When 30% of the color value was 
lost, after treatment with iodine in neutral solution, the globulin formed a 
heavy precipitate with antiserum to native globulin. Haurowitz and his 
colleagues^® also found that the amount of precipitate formed by iodinated 
globulin with antiserum was reduced when the amount of iodine rose to 
5.48% or 80 iodine atoms per molecule and a trace only of precipitate was 
formed when the amount of iodine rose to 238 atoms per molecule. To 
iodinate all the tyrosine 144 iodine atoms per molecule would be needed. 
When proteins are treated with iodine H atoms of the tyrosine residues 
are replaced by iodine. As Folin^s reagent also reacts with tryptophan, 
all the tyrosine residues may have been iodinated in Kleckowski's globulin 
that retained 30% of its Folin color value. 

d. Comparison with Modification of Enzymes 

These effects of treatment of antigens and antibodies on their specific 
reactions may be compared with similar treatment of enzymes. Herriott 
and Northrop^^ first found that acetylation of the amino groups of pepsin 

A. J. Woiwod and F. V. Lingwood, Nature, 183, 218 (1949). 

^ The compound formed with lysine would be broken down in acid. 

H. F. Holden and M. Freeman, Australian J. ExptL Biol. Med. Sci. 8,189 (1931). 

** A. E. Brown, J, Am. Chem. Soc. 68, 1011 (1946). 

H. Goldie, Compt. rend. soc. hiol. 126, 974 0937). 

^•A. Kleckowski, Brit. J. Expil. Path. 21, 98 (1940). 

R. M. Herriott and J. H. Northrop, J. Gen. Physiol. 18, 35 (1934). 
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did not reduce its activity; later Herriott^* found that acetylation of the 
two to three tyrosine residues in the enzyme molecule led to loss of 40 to 
50% of its activity. Hollander^* also found that acetylation of the amino 
groups did not reduce the activity of pepsin. The activity of chymotrypsin 
also is not affected when the amino groups are blocked by treatment with 
formaldehyde or ketene (Sizer^°); but this treatment destroys the activity 
of pancreatic amylase (Little and CaldwelPO- Pepsin is almost completely 
inactivated when 35 to 40 iodine atoms are introduced per molecule (Her- 
riott^^); not less than 80% of the iodine is attached to tyrosine residues. 

Apart from the suggestion that NH 2 groups of antibodies may be in¬ 
volved in the combination with acid antigens and that the tyrosine 
groups of some antigens and antibodies may be essential, these studies give 
no indication that any of the amino acids are specially involved in the 
combination of antigens and antibodies. On the other hand the great simi¬ 
larity in the amino acid contents of antigens and of antibodies that have 
different immunological specificities and the effect of the order of arrange¬ 
ment on the specificity of antigens containing peptides as determinant 
groups, quoted above (Table IV), are strong arguments in favor of the 
theory that the ability to combine specifically with antigen and antibody, 
respectively, depends on the space pattern of the constituent amino acids. 
The specificity of the patterns may be due to slight variations in the num¬ 
bers of residues of different amino acids in these proteins, to variations in 
the order of arrangement of these residues in peptide chains, or to variation 
in the coiling of the peptide chains in the molecules. 

3. Bergmann’s Theory op Binding Faces 

Bergmann“ suggested, as an explanation of the failure of dipeptidase to 
split peptides containing dextro isomers of the amino acids, that this en¬ 
zyme contains more than two different atoms or groups of atoms, fixed in 
space with regard to one another; these groups enter, during catalysis, 
into opposition with a similar number of atoms or atomic groups on the 
substrate. These atoms or atomic groups are arranged in what Bergmann 
calls the ‘binding plane* which must be approached from the correct side; 
otherwise the spatial distribution of the atoms or atomic groups on enzyme 
and substrate, that are brought into opposition, will not correspond— 
hence the need to postulate more than two atoms or atomic groups. When 
one of the amino acids of a dipeptide is a dextro isomer, D-leucine for ex¬ 
ample, the hydrocarbon chain sticks up above the binding plane, obstructs 

♦•R. M. Herriott, ibid. 19, 283 (1935). 

'•V. Hollander, Proc. Soc. Exptl. BioL Med, 63. 179 (1943). 

‘01. W. Sizer, J. Biol, Chem. 160, 647 (1945). 

« J. E. Little and M. L. Caldwell, ibid, 147, 229 (1943). 

“R. M. Herriott, J. Oen, Physiol. 20, 335 (1936-37). 

** M. Bergmann, Harvey Lectures 81, 37 (1936). 
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the approach of the enzyme and prevents catalysis. The essence of this 
theory is that specific combination depends on a pattern in space of both 
enzyme and substrate. A similar theory must be invoked to explain the 
specific combination of antibody with antigen or haptene. No other theory 
will account for the specific difference between the optical isomers of tartra- 
nilic acid or between the peptide and the carbohydrate antigens already 
cited. It will explain the specific differences between natural protein anti¬ 
gens and between antibodies that differ little in composition. 

4. Forces Involved in Specific Combination 

In deciding what forces are involved in the specific combination of 
antigens and antibodies the following features must be taken into account: 

1. The patterns in space of antigen and antibody determine their spe¬ 
cificity. 

2. Combination is rapid at temperatures below 40°C. 

3. Combination is reversible. 

4. Determinant groups that differ in their atomic composition may 
combine with the same antibody. 

The rapidity of combination at relatively low temperatures, the ease of 
reversibility and the indifference to the atomic composition are incom¬ 
patible with the formation of covalent bonds. 

As their combination is determined by spatial arrangement the mole¬ 
cules must be held together by short range forces; long range forces would 
hold molecules together even when their fit was not exact. Pauling, Camp¬ 
bell, and Pressman^ consider that, since electrostatic interactions are very 
much smaller in water than in a medium of low dielectric constant, electric 
forces are of major importance only when an isolated or essentially isolated 
electric charge is involved. The ionized groups of artificial antigens and of 
the specific polysaccharides contribute to the strength of combination of 
these antigens with the corresponding antibodies; so may attractions be¬ 
tween ionized groups of natural protein antigens and suitably spaced ion¬ 
ized groups of antibodies. But the attraction between these groups alone 
would not account for the strength of the specific combination. Other 
forces that are involved are van der Waals attractions, which operate 
between every pair of molecules, and hydrogen bonds between two electro¬ 
negative atoms, which in most of the antigens and antibodies must be oxy¬ 
gen and nitrogen. These forces are not specific and are weak; but two mole¬ 
cules will be firmly bound together if these forces can operate between a 
large number of their constituent atoms. “A molecule would hence show 
strong attraction for another molecule which possessed complete comple¬ 
mentariness in surface configuration and distribution of active electrically 
charged and hydrogen-bond forming groups, somewhat weaker attraction 

** L. Pauling, D. H. Campbell, and D. Pressman, PhysioL Revs. 28, 203 (1943). 
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for molecules with approximate but not complete complementariness to it, 
and only very weak attraction for other molecules’* (Pauling, Campbell, 
and Pressman^). 

IV. Effects of Disorganization of Molecules of Antigens and Antibodies 

If the specificities of protein antigens and of antibodies are due to specific 
arrangements of amino acids in the peptide chains it might be possible to 
find fractions, after hydrolysis with enzymes or with acids, which con¬ 
tained relatively few amino acids but still combined with antibody or 
antigen. On the other hand if the specific pattern that insures combina¬ 
tion is due to the mode of coiling of the peptide chains in the molecule it 
might be expected that specificity would be lost in the early stages of 
hydrolysis and when the structures of the molecules were altered by dena- 
turation or by spreading in thin films. 

1. Hydrolysis of Antigens and Antibodies 

Peterman^® has suggested that there may be two types of digestion of 
proteins by enzymes. 

“Aii or none'^ The protein molecules are broken down rapidly to small 
dialyzable fragments; the large molecules that remain are unchanged. 
Tiselius and Ericksson-QucnseP® found that pepsin digested egg albumin 
in this way. 

Piece-meal.'^ Light dialyzable fragments are split off, leaving heavy 
particles, but no unchanged protein. This type was found by Annetts®^ 
when egg albumin was digested by papain. 

a. Antigens 

Tiselius and Ericksson-QuenseP® found that pepsin breaks egg albumin 
down to fractions of molecular weight about 1,000. Even when most of 
the albumin was broken down the remainder was almost unchanged; its 
electrophoretic mobility and sedimentation and diffusion velocities were 
nearly the same as those of native egg albumin. It formed a precipitate 
with antiserum to egg albumin. This large fraction may have been the 
same as or similar to the plakalbumin of Linderstr0m-Lang and Ottesen“ 
(also Eeg-Larsen, Linderstr0m-Lang and Ottesen^®). This is formed by the 
action of a protease B. suhtilis. About 6 or 7 amino acids are split off per 
molecule of albumin. The molecular weight estimated from the sedimenta¬ 
tion velocity and osmotic pressure is very little below that of native egg 
albumin. The amino acids split off are glycine, alanine, valine, aspartic 

“M. Peterman, /. Phya. Chem. 46, 183 (1942). 

*• A. Tiselius and I. Ericksson-Quensel, Biochem. J. 83, 1752 (1939). 

”M. Annette, ibid. 30, 1807 (1936). 

**K. Lind6rstr0m-Lang and M. Ottesen, Nature 169, 807 (1947). 

N. Eig-Larsen, K. Linderstr0m-Lang, and M. Ottesen, Arch. Biochem. 19, 340 
(1948). 
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and glutamic acids. Kaminska and Grabar®® found that plakalbumin gave 
a precipitation curve with antiserum to native hen-egg albumin similar 
to that given by duck albumin (Fig. 1), with this antiserum. The maximum 
amount of precipitate formed by plakalbumin was, however, about i of 
the maximum amount formed by native albumin with the same serum. 

Further stages of digestion were studied by Holiday®^ and Kleckowski.®* 
Holiday digested highly purified crystalline horse serum albumin with 
pepsin at pH 2.1. In 5 minutes the split product was homogeneous in the 
ultracentrifuge (S 20 = 1.95 X 10"^®), but two components with different 
electrophoretic mobilities were found; less than 10% of the nitrogen was dia- 
lyzable and the dialyzable fraction contained over 90 % of the tryptophan of 
the albumin. At this stage the digest formed rather less precipitate with 
an antiserum to the serum albumin than was formed by the undigested 
albumin. After 30 minutes digestion the split product was again homogene¬ 
ous in the ultracentrifuge (S 20 = 1.14 X 10"^®); two components with dif¬ 
ferent mobilities were present. This 30 minute digest formed no precipi¬ 
tate with antiserum to horse serum albumin and partially inhibited the 
formation of a precipitate by undigested albumin with this antiserum. 
Holiday considered that the 5 minute digest contained molecules of one- 
fourth and the 30 minute digest molecules of one-eighth the weight of 
the original albumin molecules. Kleckowski found that after 5 minutes 
digestion of human and horse albumin with pepsin at room temperature 
and pH 2.6, and after longer periods at higher pH, the digest no longer 
formed a precipitate with antiserum but inhibited precipitation by un¬ 
digested albumin and antiserum. His results do not conflict with those of 
Holiday, as Holiday used undiluted antiserum in the tests, while Kleckow¬ 
ski used antiserum diluted 1/30 or 1/35; with antiserum diluted 1/10 
Kleckowski’s 5 minute digests formed some precipitate, though the precipi¬ 
tate was smaller and formed more slowly than that formed by undigested 
albumin. However, Kleckowski found that after 5 minutes digestion at 
pH 2.6 the digest contained a fraction whose diffusion coefficient did not 
differ appreciably from that of undigested albumin. Even after long diges¬ 
tion, when the digest apparently did not react with antiserum, it was still 
possible, by precipitation with trichloracetic acid or ammonium sulfate, 
to concentrate a material that inhibited. 

Kleckowski considered that all the products still able to combine with 
antibodies were probably contained in the material that was precipitated 
by 2% trichloracetic acid or by two-thirds saturation with ammonium 
sulfate. He based this conclusion on the inhibiting titer of material, re¬ 
covered from the digest by precipitation with trichloracetic acid, resolu- 

•® M. Kaminska and P. Grabar, Bull. Soc. Chim. Biol. 21. 684 (1949). 

E. R. Holiday, Proc. Roy. Soc. London B127, 40 (1939). 

®* A. Kleckowski, Brit. J. Exptl. Path. 26» 24 0945). 
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tion, and reprecipitation with ammonium sulfate. This conclusion, if 
correct, would rule out inhibition by peptides containing relatively iew 
amino acids. However, Landsteiner and Chase®^ got evidence of inhibition 
by smaller fractions. They digested serum proteins with pepsin for 3 hours 
and precipitated heteroalbumose with 33% of alcohol or half saturation 
with ammonium sulfate. Antisera made by immunizing rabbits with hetero¬ 
albumose formed precipitates with heteroalbumose. Precipitation was in¬ 
hibited by fractions that would pass through a collodion membrane. 
Landsteiner®'^ also found that peptides containing 8 to 12 amino acids, 
made by hydrolysis with acid would inhibit precipitation by a product of 
silk and the corresponding antiserum. However, in this case the specific 
pattern of the amino acids cannot have been formed by coiling of the pep¬ 
tide chains in the antigen molecule, since the peptide chains of silk are 
not coiled. 

The effect of digestion on the reactions of globulins as antigens has been 
studied mainly in connection with the preparation of digested diphtheria 
antitoxin for therapeutic purposes, which is fully discussed later. The 
fraction of the antibody molecule obtained in this way appears to have 
about half the molecular weight of the original antibody and to be formed 
by splitting along a plane at right angles to the long axis of the molecules. 
Weil, Parfentjev, and Bowman®® immunized a rabbit with the globulin of 
horse diphtheria antitoxin serum. They found that the digested antitoxin 
formed very much less precipitate with this antiserum than was formed by 
the native globulin. This reaction was not due to the presence of traces 
of unaltered globulin in the digested product, for the maximum precipi¬ 
tate formed with very small amounts; if the formation of the precipitated 
had been due to such traces relatively large amounts would have been needed. 
NorthropV® crystalline product, obtained by digestion with trypsin, did 
not form a precipitate with antiserum to horse serum globulin. The 
digested antibody did not shock guinea pigs sensitized with undigested 
horse serum; but guinea pigs sensitized with digested antibody were shocked 
by undigested serum. Coghill and colleagues®^ found similar results with 
antitoxin digested with the protease of taka-diatase. Kass, Scherago, and 
Weaver®® found that guinea pigs sensitized with digested antitoxin were 
shocked by digested antitoxin if the dose were sufficiently large. As judged 
by test with anaphylaxis, digested antibodies were closely allied, whether 
prepared with Aspergillus oryzae diastase, malt-diastase, or pepsin. 

•* K. Landsteiner and M. W. Chase, Proc, Soc. Expil. Biol. Med. 30, 1413 (1932- 
1933). 

K. Landsteiner, /. Expil. Med, 76, 269 (1942). 

•® A. J. Weil, I. A. Parfentjev, and K. L. Bowman, J. Immunol. 35, 399 (1938). 

J. H. Northrup, J. Oen. Physiol. 26, 465 (1942). 

R. D. Coghill, N. Fell, M. Creighton, and G. Brown, J. Immunol. 39, 207 (1940). 

•• E. H. Kass, M. Scherago, and R. H. Weaver, /. Immunol. 46, 87 (1942). 
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It seems, therefore, that most of the determinant groups of the antitoxin 
globulins, of which there must be at least 5 per molecule, are lost with the 
non-antitoxin hah of the molecule, that is removed by this process of 
digestion and of separation of the antitoxic half. It seems that the anti¬ 
toxic receptor groups are confined to one half of the molecule and the 
determinant groups to the other half. On the other hand, Treffers and 
Heidelberger^® found that horse antibody to the specific polysaccharide 
of Type I pneumococci retained its determinant groups after digestion 
with pepsin; this antibody also is split into molecules of molecular weight 
about 100,000 (Peterman and Pappenheimer®®). 

6. Antibodies 

Most of the investigations into the digestion of antibodies have been 
made with the object of getting an active product, as free as possible from 
inert protein, that will not cause unpleasant reactions when injected. 
Such investigations could, however, tell us much about the structure of, 
proteins and about the active part of antibodies. For an antibody frac¬ 
tion that is precipitated by antigen can be picked out in the precipitate. 
As the terminal amino acids of the antigen, if it is a protein, can be deter¬ 
mined separately and as the amount of antigen in the precipitate is less 
than the amount of antibody the terminal amino acids of the antibody 
could be determined by the method of Sanger.^® 

It has been claimed by many investigators that antibodies were more 
resistant to digestion by proteases than other proteins were. Rosenheim^^ 
found that 0-agglutinins to B, typhosus in horse serum were rapidly de¬ 
stroyed by pepsin and trypsin. The H-agglutinins after a first course of 
immunization also were rapidly destroyed; those formed after several 
courses of immunization were not appreciably destroyed under similar 
conditions. This difference in susceptibility to proteases may be related 
to other properties. Deutsch and colleagues^® found that the mobility of 
the 7 -globulin of human serum that contains the ()-agglutinins to B. 
typhosus is higher than that of the fraction that contains the H-agglutinins. 
As immunization of horses with diphtheria toxin proceeds the proportion 
of diphtheria antitoxin in a fraction that has a mobility higher than that 
of ordinary horse 7 -globulin rises (Kekwick and Record^®). When sera con¬ 
taining the 0-type of agglutinins are heated at 75°C. for 10 minutes they 
lose their power to agglutinate, while H-type agglutinins do not. Kleckow- 
ski®^ has shown that the O-type of agglutinins form complexes with the 

«M. Peterman and A. M. Pappenheimer, Jr., Science 93, 457 (1941). 

’®F. Sanger, Biockem. J. 39, 507 (1944). 

A. R. Rosenheim, ibid. 31, 54 (1937). 

H. F. Deutsch, R. A. Alberty, L. J. Gostling, and J. W. Walker, J, Immunol, 
56, 183 (1947). 

” R. A. Kekwick and B. R. Record, Brit, J. Exptl. Path. 22, 29 (1940). 
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albumin in the serum on heating; these complexes fail to agglutinate, but 
appear to combine with the antigens, as they inhibit agglutination by 
unheated serum. 

After Parfentjev^^ has introduced a successful method of preparing di¬ 
gested antitoxin for therapeutic purpose, Pope made a thorough investiga¬ 
tion into the action of proteases on diphtheria antitoxin. He showed’^ 
that, when pseudoglobulin from normal or antitoxic serum was heated at 
59°C. in the presence of salt at pH 4.2 for 30 minutes, about 94% of the 
protein was coagulated; when pseudoglobulin from antitoxic serum was 
used about 93% of the antitoxin was removed from solution. But if pro¬ 
teases were allowed to produce a degree of hydrolysis of pseudoglobulin 
from antitoxic serum, which could not be detected as a change in total 
protein content, and the solution was then heated imder identical condi¬ 
tions, part of the protein was coagulated and part, containing the anti¬ 
toxin, remained in solution. If, instead of pseudoglobulin from antitoxic 
serum, pseudoglobulin from normal horse serum was used nearly all the 
pseudoglobulin was coagulated on heating after digestion. When the pseudo¬ 
globulin was derived from sera that contained relatively little antitoxin 
the rate of loss of antitoxin ran parallel to the rate of digestion of protein; 
whereas with high titer plasma over 80% of the antitoxin might remain 
when 80% of the protein had been digested to a stage that would not co¬ 
agulate on heating (Pope^®). Besides the antitoxin some of the inert pseudo¬ 
globulin of antitoxic sera was split by pepsin into a heat labile and heat 
resistant fraction. The proportion of the heat resistant fraction that was 
made up of antitoxin varied with the titer of the serum. Pope concluded 
that when horses are immunized a new type of pseudoglobulin, of which 
little is present in normal horse serum, is formed; part of this, the propor¬ 
tion depending on the antitoxic value of the serum, is antitoxin. After 
short hydrolysis of this new pseudoglobulin by protease the molecules are 
split into two parts, one of which is easily denatured by heat, while the 
other bearing the antitoxic properties is less easily denatured. The ap¬ 
pearance of this fraction in serum may be associated with the physical 
changes of the globulin fractions already mentioned. 

The essential difference between the method finally evolved by Pope^^ 
and that of Parfentjev^^*^®*^® is that in Parfentjev’s method the serum, or 
globulin from it, is digested for several hours until proteoses are formed; 
these and the remaining pepsin are removed by adsorption. In Pope’s 
method the globulin is digested at pH about 3 for a short time; the inac- 

I. A. Parfentiev, U. S. Patent 2,065,196 (1936). 

C. G. Pope, BHL J. Exptl. Path, 19, 245 (1938). 

’• C. G. Pope, ibid. 90, 132 (1939). 

” C. G. Pope, ibid, 20, 201 (1939). 

I. A. Parfentiev, U. S. Patent 2,123,198 (1938). 

I. A. Parfentiev, U. S. Patent 2,175,090 (1939). 



368 


J. B. MARRACK 


tive fraction is removed by heating at pH 4.2 in the presence of ammonium 
sulfate. The Parfentjev method depends on the resistance of the antitoxin 
fraction to farther hydrolysis by pepsin and the Pope method on the resis¬ 
tance of this fraction to denaturation by heat. Other proteases that split 
antitoxic globulins into two fragments, differing in heat stability and re¬ 
sistance to further digestion are: fibrinolysin and papain (Pope^®), trypsin 
(Pope^® and Northrop®®), and the protease of taka-diatase (Coghill et 
Digestion with trypsin is very slow unless the globulin is first denatured by 
heating in acid solution (Pope^®). The split antitoxin obtained in these ways 
forms a precipitate with toxin or toxoid more rapidly than undigested anti¬ 
toxin does. The precipitation curve also differs (Fig. 2): the ratios of anti¬ 
body N to antigen N in the precipitates formed are lower than with undi¬ 
gested antitoxin. At the equivalence point 1 Lf (0.46 Mg- of N) of toxin or 
toxoid combines with 1.6 Mg- of undigested antitoxin and with 1.16 Mg- of 
digested antitoxin N (Pappenheimer and Robinson®®). These develop¬ 
ments led to further studies of the process of digestion of serum globulins 
and of the molecular weights of the fractions. Peterman and Pappen- 
heimer®^ digested pseudoglobulin, prepared from horse diphtheria anti¬ 
toxin, with pepsin at pH 4.2 for 30 minutes at room temperature and 
heated to coagulate inert protein. They found that the molecular weight 
of the soluble product was about half that of the undigested pseudoglobulin 
(184,000).®* By further digestion of floccules formed by purified toxoid 
and pepsin-digested antitoxin, followed by fractional precipitation they 
got a more homogeneous product, 77% of which was precipitated by toxoid. 
They calculated that the molecules of this product were about 60% as heavy 
(mol. wt. 113,000) and 70% as long as those of the undigested antitoxin. 
They considered that the antitoxin molecule had been split at right angles 
to its major axis. At the neutral point, the native diphtheria antitoxin 
(mol. wt. 184,000) combined with 15,800 X 10® Lf (44,300 g. of toxin pro¬ 
tein or 0.62 moles) of toxin per mole and the 'half’ molecule (mol. wt. 
113,000) with 15,255 X 10® (42,800 g. of toxin or 0.59 mole) per mole. 
The fragment therefore had as many receptor groups for toxin per mole¬ 
cule as the original globulin had. Pope and Healey® also had obtained a 
specially purified fragment of the antitoxin molecule by digesting the 
floccules with pepsin and found that 1 mg. of this was equivalent to 140 
Lf of toxin (0.39 mg.), or 113,000 g. of antitoxic fragment to 43,500 g. of 
toxin. All of the carbohydrate of the antitoxin remained in the heat re¬ 
sistant fraction. Peterman and Pappenheimer agreed with Pope in finding 

As noted in Section II, Pope and Healey* considered that this figure is too low. 

•® A. M. Pappenheimer, Jr. and E. S. Robinson, J. Immunol. 32, 291 (1937). 

M. Peterman and A. M. Pappenheimer, Jr., J. Phya. Chem. 46, 1 (1941). 

** This estimate of the molecular weight of the antitoxin is higher than that pre¬ 
viously calculated by A. M. Pappenheimer, Jr., H. P. Lundgren, and J. M. Williams. 
/. Expil. Med. 71, 247 (1941). 
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that heat resistant fragments were formed from some of the inert pseudo¬ 
globulin of antitoxic sera; the molecular weights of these inert fragments 
were the same as those of the antitoxic fragments. As Peterman^^ also 
found that normal cow pseudoglobulin is split into fragments by pepsin 
in the same way this course of digestion with pepsin is not peculiar to 
antibodies. 

These studies of the digestion of antibodies have led to studies of the 
digestion of normal serum pseudoglobulin with pepsin. Petermanfound 
that molecules with sedimentation constants in the neighborhood of 5 , 3 , 
and 2 X were formed by digestion of pseudoglobulin of normal ox 
serum. The 5 X fraction was the most homogeneous in the ultra¬ 

centrifuge and seems to have been formed by splitting the original mole¬ 
cules into halves; the next lighter fraction probably consisted of quarter 
molecules. The largest proportion of half molecules was formed by diges¬ 
tion at pH 4. Bridgeman®^^ digested human serum globulin fractions which 
consisted largely'' of 7 -globulin. Fractions with sedimentation constants 
in the neighborhood of 0 and 3 X corresponding to half and quarter 

molecules, were found. The highest proportion of half molecules was found 
when the protein was digested with less than 0.05 hemoglobin units of 
pepsin at pH 3.5 for 3 or 4 days. Antibodies to influenza Type A, diph¬ 
theria, and scarlet fever antitoxins and typhoid H-agglutinin survived 
digestion; typhoid 0- aggluinin was destroyed. Deutsch, Peterman, and 
Williams*^ found that, at a pH well removed from the optimum of pepsin, 
an apparent equilibrium was reached with relative proportions of whole, 
half, quarter, and smaller molecules; the equilibrium state was charac¬ 
teristic of the globulin used and of the pH. 

Pope^® found that active antitoxin could be recovered after horse diph¬ 
theria antitoxin had been digested with papain. Using Annetts'®^ 
method Peterman®^ again found that fractions Avith sedimentation con¬ 
stants about 5 and 3 X 10~^® were formed. The heavier fraction was 
homogeneous with a molecular weight of about 90,000; it was not, there¬ 
fore, formed by progressive splitting of small fragments from the original 
molecules. 

Free diphtheria toxin is destroyed rapidly by trypsin. It might be ex¬ 
pected that, when trypsin is mixed with a suspension of the precipitate 
formed by diphtheria toxin and horse antitoxin, the toxin would be des¬ 
troyed and that antitoxin, which is not readily digested, would be set 
free. Actually nonprotein nitrogen is set free slowly, but no appreciable 
amount of antitoxin is liberated. If, however, the precipitate is dissolved 
in acid, the solution then neutralized and trypsin added, about one-third 

“•W. B. Bridgeman., /. Am. Chem. Soc. 63. 857 (1946). 

H. F. Deutsch, M. L. Peterman, and J. H. Williams, /. Biol. Chem, 164, 93 
(1946). 

M. Peterman, ibid. 144, 607 (1942). 
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of the antitoxin is set free (Northrop®®). If, after neutralization, the solu¬ 
tion is left at pH 7.2 for several hours and trypsin is then added, no anti¬ 
toxin can be recovered. Apparently the structure of the antibody 
molecule suffers some reversible change on exposure to acid, which makes 
it more susceptible to digestion by trypsin. This change may be compared 
to the increased susceptibility to digestion by trypsin shown by serum 
albumin after denaturation and regeneration (Bernheim et al?^). 

By this method of digesting precipitates and fractional precipitation 
Northrop obtained a small amount of crystalline material. From the 
sedimentation and diffusion constants Rothen ®® calculated that the molec¬ 
ular weight of this material was 90,500. The precipitation curve of the 
digested antibody and crude diphtheria toxin was wider than the curve 
with undigested antibody; with purified toxin precipitates formed when 
either toxin or antitoxin were in great excess (Northrop®®). 

Peterman®® suggested that the ‘'all-or-none** course of digestion is charac¬ 
teristic of globulin, whatever the enzyme, and that half and quarter mole¬ 
cules were found because the reaction was slowed down. However, Deutsch, 
Peterman, and Williams®® found that at 0°C. and pH 4.4 (a pH further 
removed from the optimum than that at which they found half and quarter 
molecules) increasing amount of dialyzable material were formed from 
human 7 -globulin, without the formation of appreciable amounts of half 
molecules. 

Investigations of diphtheria antitoxin and similar proteins have dealt 
mainly with pseudoglobulin, soluble in water. The horse-antibodies to 
pneumococcal polysaccharides are euglobulins, insoluble in water when 
the salt concentration is below a certain level. Grabar®^ digested concen¬ 
trated antibodies from horse anti-pneumococcal sera with pepsin at 0 ®C. 
pH 4.5. After 5 days 82% of the original protein was still precipitable by 
trichloroacetic acid but only 45% of the antibody protein remained. At 
the equivalence point the ratio of pneumococcal polysaccharide to anti¬ 
body protein in the precipitates formed by the digested protein with 
polysaccharide was approximately double that in the precipitates formed 
by the undigested solution. Peterman and Pappenheimer®® repeated this 
work; they also precipitated the digested antibody with polysaccharide 
and dissociated the antibody from the precipitate with a strong solution 
of sodium chloride (Heidelberger and Kendall®®). The sedimentation con¬ 
stant of the dissociated antibody was 5.2 X 10"^®; the molecular weight 
was probably below 100,000. In one of the sera the antibody molecules 
were not of uniform molecular weight; their sedimentation constants were 

•* F. Bernheim, H. Neurath, and J. 0. Erickson, ibid. 144, 259 (1942). 

A. Rothen, J. Gen. Physiol. 25, 487 (1942). 

P. Grabar, Comp. rend. 207, 807 (1938). 

wM. Heidelberger and F. E. Kendall, J. Exptl. Med. 64, 161 (1936). 
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11 , 18, and 30 X 10”“. The size of the molecules of the antibody fraction 
formed by digestion was independent of the size of the molecules of the 
original antibody molecules. This fits the suggestion of Treffcrs, Moore, 
and Heidelberger** that these long antibody molecules are formed by end 
to end polymerization of globulin molecules of normal molecular weight. 

All that has come out of these investigations, so far, with regard to the 
structure and location of the combining sites of antibodies, is that certain 
antibody molecules, particularly those of diphtheria antitoxin, are asym¬ 
metric about a transverse axis; the receptor sites (probably 2 ) and the 
carbohydrate are in one half. The possibility that the quarter molecules 
and smaller fragments combine with antigen, but do not form precipitates, 
has not been specifically investigated, but the evidence suggests that they 
do not. 

The absorption of antibodies from the colostrum by new-born lambs, 
calves, and foals raises an interesting question in relation to the digestion 
of antibodies. The absorption of antibodies is accompanied by an increase 
in the 7 -globulin in the plasma of new-born animals (Jameson et and 
San Clemente and lluddleston^O* Dent and Schilling^^ have shown by 
paper chromatography of ultrafiltrates from portal blood that dog plasma 
proteins disappear from the intestines of dogs without the rise of amino 
acids in the portal blood that accompanies the absorption of other pro¬ 
teins. It is suggested that plasma proteins may be absorbed intact. How¬ 
ever, Hansen and Phillips^^ showed that the increase in 7 -globulin in the 
serum of calves after feeding with colostrum occurs only during the first 
24 hours of life. The absorption of the antibody as such cannot be ex¬ 
plained solely by the resistance of the antibody to digestion. Nor can it 
be explained solely by absence of proteases from the digestive tracts of 
new-born animals; for the casein of the colostrum does not appear in the 
plasma after digestion. Nor can it be ascribed to a special resistance of 
the antibodies in colostrum, for Smith®^ found that calves can absorb anti¬ 
bodies from cow’s serum, taken by mouth. 

c. The Synthesis of Antibodies 

There are two possible concepts of the mode of synthesis of proteins 
from amino acids. The first—the ‘*conveyor-belt” theory—supposes that 
the growing protein molecule is passed along a series of enzymes, of selec- 

»» H. P. Treffers, D. H. Moore, and M. Heid3lberger, J. Exptl. Med. 76, 135 (1912), 
E. Jameson, C. Alvarez -Tostado, and H. H. Sortor, Proc. Soc. Exptl. Biol. Med. 
61, 162 (1942). 

C. L. San Clemente and I. F. Huddleston, .Mich. Age. Expt. Sia. Bui . 162, 3 
(1943). 

” C. E. Dent and J. A. Schilling, Biochem. J. 42, XXIX (1947). 

•* R. G. Hansen and P. H. Phillips, J. Biol. Chem. 171, 223 (1947). 

•*T. Smith, J. Exptl. Med. 61, 473 (1930). 
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tive synthetic ability, that add the appropriate amino acids from a choice 
that is offered; the second—the “template” theory—supposes that the 
amino acids are fixed by some mechanism in the appropriate pattern and 
then oynthesised into a protein molecule by enzymes. The controlling 
factor, according to the first concept, is the enzyme ^stem; according to 
the second it is the previous arrangement of the amino acids. Two theories 
of the way in which receptor sites are formed on antibody molecules corre¬ 
spond with these two concepts. That of Burnet” supposes that certain 
proteinases, in the cells that form antibodies, are modified as they are 
engined in destroying antigen. These modified enzymes synthesize the 
wtibodies. The “template” theory supposes that the determinant groups 
of antigen molecules, present in antibody-forming cells, attract amino 
acids in a pattern resembling that of the receptor site of an antibody mole¬ 
cule, and that these amino acids are then joined by appropriate enzymes 
in this pattern. This theory has been advocated by Breinl and Haurowitz,** 
Alexander,” and Mudd.* 

Pauling** defers the differentiation of antibodies from ordinary serum 
globulin to a later stage in the construction of the molecules. He suggests 
that the final coiling up to two ends of a peptide chain may be modified 
by the presence of an antigen to fit the determinant groups of the antigen. 
It does not seem possible, however, that the different ways of coiling of 
the ends of the peptide chains would offer a sufficient variety of receptor 
sites to fit all the different determinant groups. Pauling and Campbell'** 
claimed to have made antibodies from normal globulins by denaturing the 
globulins and then slowly reversing the denaturation in the presence of 
antibody. Their experiments seem to have been uncontrolled and have 
been criticized on various grounds. If denaturation and regeneration, in 
the presence of antigen, adapts globulin molecules to the determinant 
groups of the antigen, denaturation and regeneration of antibodies in 
the absence of antigen should destroy the specificity of the antibodies. 
Erickson and Neurath,'*' however, denatured antibodies to pneumococcal 
polysaccharide. Type I, with sodium thiocyanate and regenerated them 
in the absence of antigen; the regenerated antibody still formed a precipi¬ 
tate with hcsnologous polysaccharide. 

Whatever theory of the actual process of synthesis of antibodies is 

*' F. M. Burnet, The Production of Antibodies, MsoMillsn, Melbourne, Australia. 
1941. 

" F. Breinl and F. Haurowits, Z. pkytiol. Chem. 19S, 46 (1930). 

** J. Alexander, ProtopUuma, 14, 2(N5 (1932). 

•• S. Mudd, J. Immunol. 23, 423 (1932). 

•• L. Pauling, /. Am. Chem. Soe. 32, 2643 (1940). 

*** L. Pauling and D. H. Campbell, J. ExpA. Med. 73,211 (1942). 

J. D. Erickson and H. Neurath, Science 93, 284 0243). 
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adopted we are still left with the difficulty of explaining the long duration 
of the effects of immunization. We believe that anaphylaxis is due to the 
formation of antibodies; a guinea pig sensitized by a single injection of 
protein remains sensitized, to some degree, for many months, possibly 
for the rest of its life. We should expect that all traces of the antigen would 
disappear in a few weeks. Stacey‘“ adopting the “conveyor belt” theory, 
has suggested that the chromosome system of the cells in which antibodies 
are foimed may be alteied by antigens, as those of one type of pneumococci 
appear to be alterable by desoxyribonucleic acid of another type (Avery 
et a!.'*”) and that this alteration is self-perpetuating. 

2. Denaturation 

Various qualitative investigations have shown that proteins, denatured 
by various methods, form precipitates with antisera to native proteins. 
Quantitative investigations (MacPherson and Heidelberger*“) showed that 
denatured egg albumin formed precipitates with antiserum to native egg 
albumin. About ten times as much of the denatured albumin as of the 
native albumin was needed to form a given amount of precipitates with 
antiserum to native albumin. This may have been due to occlusion of 
determinant groups in the aggregates that were formed (McPherson, 
Heidelberger, and Moore*"'’). The amount of precipitate formed and, 
consequently, the amount of antibody precipitated by the denatiued 
albumin was, in most cases, considerably less than that formed by the 
native albumin. The adaptation of the determinant groups of the antigen 
to the combining groups of the antibody was reduced but not destroyed 
by the distortion of the molecules of albumin in the course of denaturation. 

Serum albumin denatured by guanidine and regenerated differs from 
native serum albumin in the shape of the molecules, in electrophoretic 
mobility and in resistance to digestion by trypsin. Erickson and Neurath*®* 
have shown by quantitative methods that the amount of antibody precipi¬ 
tated by the regenerated albumin from one antiserum to native albumin 
was less than that precipitated by native albumin. The determinant groups 
seem to have been slightly affected by this treatment; but, as the ratio of 
regenerated antigen to homologous antibody at the equivalence point was 
much the same as the ratio of native albumin to homologous antibody, 
the number of determinant groups on the antibody molecule was probably 
unchanged. 

*®*M. Stacey, Quart. Rev. Chem. Sac. 1, 179 (1948). 

»®»O. T. Avery, C. M. MacLeod, and M. McCarty, J. Exptl. Med. 79, 137 (1944). 

C. F. C. MacPherson and M. Heidelberger, J. Am. Chem. Soc. 67, ^ (1945). 

C. F. C. MacPherson, M. Heidelberger, and D. H. Moore, ibid. 67, 578 (1945). 

J. D. Erickson and H. Neurath, J. Exptl. Med. 78,1 (1943). 
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3. Specific Activities of Films 

The effects of spreading in films on the specific activities of antigens and 
antibodies and of enzymes may be compared. A distinction must be made 
between thin films of thickness of about lOA. in which the molecules of 
protein have been unrolled or split into layers of the thickness of one amino 
acid, and films whose thickness is about 40 A. in which the molecules may 
be distorted but little or not at all. Retention of specificity by molecules in 
the thicker films tells nothing about the relation of the determinant and 
receptor groups to the structure of the molecules. Thin films of urease 
are inactive as enzymes (Langmuir and Schaefer'°0; unpublished experi¬ 
ments (Rothen^^®) indicate that trypsin also loses its activity on spread¬ 
ing in thin films. Langmuir and Schaefer^®^ found that catalase retains 
some of its activity when spread in films 23 A. thick; but films55 A. thick 
had only one-fifth to one-tenth the activity of the imspread enzyme (Harkins, 
Fourt, and Fourt^®*). As the smallest diameter of a calatase molecule 
(reckoned as a prolate ellipsoid) must be well over 23 A. the molecules in* 
the thinner of these films must have been distorted. 

Danielli, Danielli, and Marrack“® could find no evidence of combina¬ 
tion between Type II pneumococcal polysaccharide and the homologous 
antibody prepared from horse serum when this antibody was spread as a 
thin film at a water-oil interface. Various experiments have been made on 
films of antibodies and antigens transferred to slides by Blodgett’s^^^ 
method. An increase in the thickness of the film after a drop of a solution 
of antibody is applied to a film of antigen is regarded as a measure of com¬ 
bination of antibody with the antigen molecules in the film. Similarly an 
increase of the thickness of a film of antibody after application of a solu¬ 
tion of antigen is evidence of combination of antigen with the molecules 
of antibody in the film. Caution must be used in interpreting the results. 
In the first place the combination is less specific than is precipitation from 
solution. Films of proteins absorb proteins nonspecifically (Porter and 
Pappenheimer“2) though the resulting increase in thickness of the films is 
less than the increase due to specific combination. Also it does not seem 
reasonable to expect that the molecules of antigen and antibody remain as 
separate layers after combination. It might be expected that the specific 
attraction between antigen and antibody molecules would lead to a re¬ 
arrangement and formation of a layer of the antigen-antibody aggregate. 
It cannot be assumed that, when a solution of antibody is put on a solution 

I. Langmuir and V. J. Schaefer, Ckem, Revs, 24, 181 (1939). 

*®® A. Rothen, Advances in Protein Chem, 3, 127 (1947). 

i®» W. D. Harkins, L. Fourt, and P. C. Fourt, J. Biol, Chem, 132, 111 (1940). 

>^® D. Danielli, M. Danielli, and J. R. Marrack, Brit, J, Bxptl, Path, 38, 19 (1938). 

K. B. Blodgett, J. Am, Chem, Soc, 66, 495 (1934). 

E. F. Porter and A. M. Pappenheimer, Jr., J, Ezptl. Med, 69,755 (1939). 
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of antigen, the increase in thickness of the film is equal to the thickness of 
a layer of antibody molecqles. This is the natural explanation of the effect 
of the number of layers of antigen on the increase in thickness when anti¬ 
body is added (Rothen“*). 

The number of antibodies that can be used to test the specific activity 
of films of antibodies is limited as it is possible to get sufficiently pure 
preparations of only a few kinds of antibody. Porter and Pappenheimer*** 
found that horse antipneumococcal antibodies formed films about 45 A. 
thick on slides. When a drop of a solution of polysaccharide was put on 
the film of antibody an increase of thickness due to the addition of a layer 
of polysaccharide to the antibody was too small to detect. But combina¬ 
tion of the homologous polysaccharide with the antibody in the film could 
be demonstrated, for if a drop of a solution of homologous antibody was 
added after the polysaccharide the thickness of the film increased by about 
40 A. (Fig. 3). If the polysaccharide added to the primary antibody film 
or if the antibody, added after the polysaccharide, was heterologous the 
thickness of the film increased by 11 A. or less. The thickness of the primary 


Loy*r of Antibody 
-Polysaccharide 
"1*^ Layer of Antibody 




Fio. 3. Diagram of formation of layers by antipneumococcal antibody, homolo¬ 
gous polysaccharide and a second application of homologous antibody. 


layer of antibody was about equal to the lesser diameter of the antibody 
molecules, so there was no evidence that the molecules was distorted. 
When Porter and Pappenheimer used antipneumococcal antibodies from 
rabbit sera the results were less convincing. The thickness of primary films 
of antibody was about 20A.; secondary layers of the same order of thick¬ 
ness were found with two of the preparations of antibody used; but when 
the antibody to Type II pneumococcus was used the increase of thickness 
produced by the second application of antibody was not more than 10 A. 
Rothen and Landsteiner'^^ also made films of rabbit pneumococcal anti¬ 
bodies; these however were only from 8 to 12 A. thick. After an application 
of the homologous polysaccharide they found that the application of 
homologous antibody led to an increase of thickness of over 40 A. whether 
horse or rabbit antibody was used. Porter and Pappenheimer”* made 
films (average thickness 23 A.) from a preparation of pseudoglobulin from 
horse antiserum to diphtheria toxin; 35% of this pseudoglobulin was 
precipitable by toxin. They found no evidence that these films would com¬ 
bine with toxin. It appears that rabbit antibodies when spread in layers of 
thickness equal to half the lesser diameter of the molecules in solution and 
even in layers one amino acid thick, may, in some cases, still combine with 
the homologous antigen; but this is not found in all cases. 

A. Rothen, iSetence, 102» 446 (1945). 
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On the other hand, antigens spread in thin films still combine with anti¬ 
bodies. This might be expected of the pneumococcal polysaccharides owing 
to their structure. Thin films of egg albumin (Bateman, Calkins, and 
Chambers;'^® Rothen and Landsteiner*^^) and nucleoprotein of Type A 
streptococci (Bateman, Calkins and Chambers”®) also combine with the 
corresponding antibodies. Some of the determinant groups of these anti¬ 
gens, therefore, survive distortion of the molecules both by denaturation 
and by spreading on thin films. 

Diphtheria antitoxin combined with layers of purified toxin 33A. thick 
(Porter and Pappenheimer”^) and anticatalase with layers of catalase 55 A. 
thick (Harkins, Fourt and Fourt‘°®). The thickness of layers of both these 
antigens differed little from possible lesser diameters of the molecules of 
the antigens in solution: the molecules were not necessarily distorted. 
In the case of catalase the increase in thickness when more catalase was 
added to films containing anticatalase was only lOA. This does not neces¬ 
sarily mean that the later layers of catalase were spread to the thickness 
of one amino acid, but rather that the molecules in the layers were re¬ 
arranged, with some addition of catalase. 

The increase in thickness when an antibody combines with a layer of 
antigen is very variable. This may well depend on the extent to which 
antigen is freed from the surface to form aggregates with the antibody. 
When serum albumin was used as antigen the increment in thickness, after 
addition of the homologous antibody, increased with the number of layers 
of antigen; but not when the antigen was egg albumin (Rothen”®). It is 
possible that, owing to the irreversibility of the spreading of the egg 
albumin molecules, the layer of these molecules remains undisturbed and 
is not rearranged in an aggregate with antibody when antibody is added. 

Rothen”® used immunological methods to show that crystalline pepsin 
and trypsin hydrolyze egg albumin and horse serum albumin, spread as 
thin films. After the action of the enzyme addition of homologous antibody 
did not lead to the increase in thickness of the film that would be found if 
the layer of antigen had remained intact. In these and subsequent experi¬ 
ments Rothen'” applied layers of heterologous proteins, barium stearate, 
a plastic Tormvar’ or octadecylamine to the layers of antigen before 
treatment with antibody or enzyme. The thickness of the films still in¬ 
creased on treatment with homologous antibody in spite of these layers of 
inert material. After the film was treated with protease, the antibody did 
not increase its thickness; the enzymes therefore appear to have digested 
the antigen in spite of intervening layers of inert material. In the case of 

A. Rothen and K. Iiandsteiner, J. Exptl. Med, 76» 437 (1942). 
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serum albumin the thickness of the layers of inert material needed to pre¬ 
vent the increase of thicl^ness on application of antibody varied with the 
thickness of the film of serum albumin. 

It seems from these experiments that antibody may be attracted by 
antigen and enzyme hydrolyze its substrate through layers of inert mate¬ 
rial over 100A. thick. There are two possible explanations: either the sub¬ 
stances applied to the slides are not arranged in neat layers one above the 
other, or the mutual attraction of antigens and antibodies and the activity 
of enzyme are due to long range forces. It is difficult to reconcile the great 
dependence of the specificity of combination of antigen and antibody on 
patterns in space with the second explanation. Rothen^^^ suggests that 
antigen and antibody interact as resonating oscillators; this interaction 
between large molecules built on the principle of repetition of pattern 
would be interpreted by a field action, rather than by specific chemical 
reacting groups. But specific combination also occurs between antibodies 
and small molecules of appropriate pattern. The first explanation seems 
incompatible with an observation of Rothen.“^ If a layer of antigen, after 
treatment with antibody, is washed with a 5 to 10% solution of sodium 
chloride, its thickness diminishes by 46 to 63A.—presumably owing to the 
extraction of antibody (Heidelberger and Kendall®®). If a layer of formvar 
is applied, after the antibody, subsequent washing with sodium chloride 
solution does not reduce the thickness of the film; the layer of formvar 
protects the film. Final judgment on the significance of these results must 
await fuller investigation of the structure of these films. 

V. Enzymes as Antigens 

Since the early days of immunology much work has been done on the 
preparation of antisera to enzymes; a comprehensive account is given by 
Sevag."® For years the formation of antibodies by enzymes themselves 
was questioned; the main objections were given by Bayliss.“® Since his 
monograph was published the premises on which his arguments were based 
have proved false. Antisera were prepared by immunizing animals with 
preparations of enzymes and these enzymes were removed from solution 
or neutralized by the antisera; but it was argued that the preparations of 
enzymes used contained some protein, which was not the enzyme, and 
that the enzymes were carried down with the precipitates formed by this 
protein and the antibody. One of the earliest demonstrations of the free¬ 
dom of precipitates of antibody and antigen from nonspecific material 
was connected with this question. Burnett and Schmidt^*® in 1921 showed 

M. S. Sevag, Immuno-catalysis. C. C. Thomas, Springfield, Ill., 1945. 

W. M. Bayliss, The Nature of Ensyme Action. Longmans, Green and Co., 
New York, 1925, 

T. C. Burnett and O. L. A. Schmidt, J, Immunol, 255 (1921). 
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that the formation of a precipitate by human serum and the corresponding 
antiserum did not remove catalase from solution. With the repeated demon¬ 
stration that these specific precipitates rarely carry down nonspecific pro¬ 
teins this argument has ceased to be plausible. 

Since enzymes have been prepared in a crystalline form it has become 
possible to study the chemistry of the reactions of enzymes with the corre¬ 
sponding antibodies and to compare these reactions with those between 
other pure proteins and antibodies. It is remarkable that more such stud¬ 
ies have not been made, particularly as the antibodies to urease and catalase 
can be isolated. Two interesting questions arise: first, do these remarkable 
proteins react with antisera as other proteins react?, and second, are the 
determinant groups of enzymes the same as the groups on which the activity 
as enzymes depends? 


1. Quantitative Studies 

Few quantitative studies have been made of the reactions of enzymes 
with antibodies. Adams^^^ found that the precipitation curve of tyrosinase 
resembles that found with other protein antigens (Fig. 4). Ribonuclease 
(mol. wt. about 15,000, Kunitz^^^) and lysozyme (mol. wt. 15,000 to 18,000 
Abraham^^^) are the smallest protein antigens to which antisera have been 
made. The reaction of ribonuclease with antiserum has been studied quan¬ 
titatively; the amount of precipitate formed when increasing amounts of 
antigen are added to constant amounts of antiserum rises to a maximum 
and then falls (Smolens and Sevag^*^). The ratio of precipitate to antigen 
added, when the amount of precipitate is maximum, is about 24/1; this, 
as might be expected from the size of the antigen, is high. The molecular 
composition of the precipitate, if all the antigen is precipitated at this 
point, is between A 2 G and A3G. 

The ratio of antibody to urease (mol. wt. 480,000) in the precipitate, 
calculated from the figures of Kirk and Sumner,^*^ is 7/11 in the equivalence 
zone and 1/3 in the zone of antigen excess; the corresponding molecular 
compositions are about A 2 G and AG. 

In the zone of antigen excess the amount of catalase precipitated by 
antisenim varies as the ratio of antiserum to catalase rises (Campbell and 
Foiirt^*®). The system urease-antiurease seems to differ from most systems, 
as the amount of antiurease precipitated and the ratio of antigen to anti¬ 
body in the precipitate are approximately constant in the zone of antigen 
excess up to a ratio of antigen added to antibody present equal to four 
times that at the e(|uivalence point (Kirk and Sumner^^). 

M. H. Adams, J, Exptl Med. 76» 176 (1942). 
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2. Inpbpendbncb of Sitbs SPBcmc fob Activity as Enzymbs and as 

Antigens 

If the determinant groups and the groups on which the activity as 
enzymes depends are the same we should expect that (a) an enzyme would 
cross-react with an antiserum to another enzyme that had the same specific 
enzyme action and (b) the enzyme activity of an enzyme should be 
inhibited by an antiserum to this enzyme or to another enzyme with the 
same specific action. 



Fio. 4. Amount of antibody N precipitated from a constant amount of antiserum 
to tyrosinase by tyrosinase and ratio of antibody to antigen in the precipitate. 
(M. H. Adams, J. Exptl. Med. 76, 175, 1942.) 

We have already had examples of the independence of the antigenic 
determinant groups and specific receptor groups in the case of antibodies. 
Further examples may be given. In the system: diphtheria toxin (T), 
horse diphtheria antitoxin (HaT) and rabbit antibody to horse serum 
globulin (HaH): the combination of (HaT) with (T) is not inhibited by 
previous combination (HaT) with (RaH), and vice versa (Eisler‘*' Marrack 

M. von Eisler, Zentr. Bakt. Paratilenk., I. Orig. 84,46 (1920). 
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and Eagle**®). In the system pneumococcal polysaccharide (S), 

horse antipolysaccharide antibody (HaS) and rabbit anti-(HaS) antibody 
(RaHs): Treffers, Moore, and Heidelberger*® found that the precipitate 
formed by (HaS) with (S) would combine with as much (RaHs) as free 
(HaS) would, although for steric reason the precipitation curves were 
different. Also Grabar and Oudin*^® found that the precipitation curves 
given with (RaHs) by the soluble compounds formed by (HaS) with (S) 
in excess were similar to those given by free (HaS) unless the amount of 
(S) was very large. 


a. Cross Reactions 

The fact that two enzymes which have the same action cross react does 
not prove that their antigenic and enzymic groups are identical. Thus horse 
and donkey hemoglobins cross react (Heidelberger and Landsteiner*®*); 
but this does not mean that the heme groups of these hemoglobins act as 
determinant groups. Animals of fairly closely related species make their 
proteins on somewhat similar patterns; the hemoglobins of animals that 
are less closely related do not cross-react; although the heme groups are the 
same, the globins differ. The molecules of both horse and donkey hemo¬ 
globins have six peptide chains each ending in a valine residue; whereas 
the molecule of ox hemoglobin, for example, has four chains, two of which 
end in a valine residue. (Porter and Sanger*®*). In the second place, even if 
determinant groups and enzyme-active groups were identical the reac¬ 
tions of two enzymes that have the same enzyme-active groups need 
not be quantitatively identical. If an antiserum is obtained by immunizing 
a rabbit with an azo-protein, more antibody is precipitated from this serum 
by the azo-protein used for immunization than by an azo-protein contain¬ 
ing the same determinant group coupled with a second protein; and more 
antibody is precipitated if the second protein is closely related to the first 
than if it is not. 

In many cases cross-reactions are found, though quantitative studies 
show that the antisera detect difference between enzymes from different 
species. Thus Kirk*” found that 20 times as much antiserum to jackbean 
urease was needed to precipitate a given number of units of soybean urease 
as was needed to precipitate the same number of units of jackbean urease. 
From the figures of Campbell and Fourt**® it can be inferred that a similar 
relation holds between the amounts of an antiserum to ox liver catalase 
needed to precipitate a given amount of horse liver catalase and of ox liver 

J. R. Marrack and F. C. Smith, Proc, Roy, Soc. London BlOl, 1 (1930). 

H. Eagle, J. Immunol, 30, 339 (1936). 

1*0 P. Grabar and J. Oudin, Ann, inat, Pasteur 69, 394 (1945). 

1*1 M. Heidelberger and K. Landsteiner, J, Exptl. Med, 88, 561 (1923). 

1** R. R. Porter and E. Sanger, Biochem, J. 42, 287 (1948). 

1** J. S. Kirk, /. Biol, Chen. 100, 667 (1933). 
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catalase. The amount of precipitate with horse catalase was roughly one- 
half that with ox catalas^ at the same ratio of antigen to serum. Tria^*^ also 
found that, with antiserum to ox liver catalase the amounts of precipitate 
formed by lamb and horse liver catalase were less than that formed by ox 
liver catalase. These cross reactions are comparable to that between hen 
and duck egg albumin (Fig. 1). Bonnichsen^*^ found that the same amounts 
of horse liver or blood catalase were precipitated by anti-horse liver catalase 
serum when the catalases were added in excess; the two enz 3 anes have the 
same amino acids, but differ in that liver catalase has a verdohematin in 
place of a hematin group. No precipitates were formed with this antiserum 
by human blood catalase or horse hemoglobin. Seastone and Herriott^®® 
found that the amount of precipitate formed by ox and by guinea pig 
pepsin with anti-pig pepsin serum was considerably less than that formed 
by pig pepsin with this antiserum; but after addition of sufficient ox or 
guinea pig pepsin to this antiserum it no longer formed a precipitate with 
pig pepsin. This cross reaction differs from the hen-duck egg-albumin 
system, as duck egg albumin will not thus inhibit the reaction of hen egg 
albumin with antiserum to hen egg albumin. On the other hand, no cross 
reactions may be found between enzymes that catalyze the same reaction; 
thus tyrosinase of Lactxirius piperatus does not form a precipitate with 
antiserum to tyrosinase of Psalliota campestris (Adams^^O- Other examples 
of enzymes with the same specific activity that do not cross react are given 
later in the section on toxic enzymes. 

The independence of antigenically determinant and enzyme-active groups 
is further illustrated by the fact that urease treated by irradiation or mild 
oxidation no longer breaks down urea, but still cross reacts with anti¬ 
serum to urease (Pillemer et a/.'®’). In the same way, diphtheria toxin treated 
with formaldehyde is not toxic but still combines with the antibody, diph¬ 
theria antitoxin; the toxic groups and the determinant groups on the 
toxin molecule are independent. 

b. Inhibition by Antisera 

Some enzymes retain their activity, little reduced, when precipitated 
in combination with antibody. Examples of the activity of the enzyme- 
antibody compound expressed as a percentage of the activity that the 
enzyme contained would have if free, are: Urease-antiurease precipitate, 
in a salt solution of strength just sufficient to keep the compound flocculent, 
80% (Kirk^®*); catalase-anticatalase precipitate resuspended to form an 

‘»<E. Tria, ibid, 129, 877 (1939). 

R. K. Bonnichsen, Arch, Btochem. 12, 83 (1947). 

C. V. Seastone and R. M. Herriott, J, Gen. Physiol, 20, 797 (1937). 

^®’ L. Pillemer, E. E. Ecker, V. C. Myers, and E. Muntwyler, /. Biol* Chem. 123, 
365 (1938). 

R. Haas. Biochem, Z, 306, 280 (1940). 
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opalescent suspension, 32 to 73% (Campbell and Fourt^^*); tyrosinase- 
antityrosinase precipitate, 100% (Adams^^O; papain-antipapain precipi¬ 
tate, 30% (Haas'®®); ribonuclease-antiribonuclease precipitate resuspended, 
70 to 78% (Smolens and Sevag'®^). It is remarkable that the enzyme- 
antibody precipitates should retain the activity of the free enzyme, even 
when the substrate molecules are not relatively small; it is difficult to 
understand how the large molecules of ribonucleic acid can penetrate into 
the aggregate formed by ribonuclease and the antibody so rapidly that a 
high rate of catalysis is maintained. For in order to keep up this rate of 
breakdown the molecules of substrate would have to keep on penetrating a 
complex in which each small enzyme molecule is surrounded by three 
antibody molecules, ten times its size; it would not have merely to pene¬ 
trate the complex once and for all, as when rabbit antibody to horse 
globulin penetrates the complex formed by horse-antipneumococcal anti¬ 
body with the pneumococcal polysaccharide. The activity of the enzyme- 
antibody complex is tested in the presence of excess of substrate. Th^ 
substrate and antibody may compete for combination with the enzyme and 
the antibody may be displaced. 

In one case the competition between substrate and antibody for the 
enzyme molecule has been demonstrated. If anti-lecithinase serum is added 
to a mixture of lecithinase and lecithin the anti-lecithinase combines with 
the lecithinase, prevents the combination with lecithin and inhibits the 
action of the enzyme (Zamechnik and Lipman'®^). This may be compared 
to the displacement of Type III polysaccharide from combination with 
antibody to Type VIII polysaccharide (Mayer and Heidelberger'*®). How¬ 
ever, the rate of combination of the lecithinase and antilecithinase seems 
to be slower than that of the combination of Type III polysaccharide and 
antibody and of other antigens and antibodies (Boyd'^0- 

In the cases in which antisera inhibit the action of the enzyme it cannot 
be inferred that the sites of combination with antibody and substrate are 
the same. The large antibody molecules, although combined at separated 
sites, may obstruct the approach of substrate to enzyme; the larger the 
substrate the greater the probability of inhibition. 

3. Precursors of Enzymes 

Ten Broeck® showed by the guinea pig uterus method that trypsinogen 
and trypsin, and chymotrypsinogen and chymotrypsin are immunologically 
different. According to Jacobsen'^® 4 peptide links are opened in the conver¬ 
sion of chymotrypsinogen to chymotrypsin. The effect on the structure of 

P. C. Zamccknik and F. Lipman, J. ExpiL Med, 86, 395 (1947). 

M. Mayer and M. Heidelberger, J. Biol, Chem, 143, 667 (1942). 

W. C. Boyd, J, Exptl. Med, 74, 369 (1941). 

C. F. Jacobsen, Compt. rend, trav, lab, Carlabetg. Ser. chim. 25, (No. 14) 327 
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the molecule may be more profound than that in the formation of plakal- 
bumin from egg albumin, 

4. Purified Antienzymes 

Advantage has been taken of the denaturation of urease (Kirk and 
Sumner^^*^) and catalase (Tria^*^) by acid to recover the antibodies from 
the precipitates formed by the enzymes with antisera. The precipitates 
were washed and dissolved in dilute hydrochloric acid; the pH of the solu¬ 
tion was then raised to over 5 and the denatured enzyme centrifuged down. 
The number of anticatalase units per gram of solid was about 50 times as 
high in anticatalase prepared in this way as in the original serum. The 
preparation must have been nearly pure antibody. After the* process of 
precipitation of antiurease with urease and recovery has been repeated 
twice the final product retained 70 to 80% of the original activity of the 
antiserum. The antiurease was not attacked by trypsin; even after incuba¬ 
tion with activated trypsin for 24 hours at 37°C. the antiurease solution 
formed a precipitate with urease. It w’^as rapidly inactivated by pepsin at 
pH 4.3 or less, by inactivated papain and by papain-H 2 S at pH 5.0; slowly 
by papain-HjS at pH 7.0. 

This method of dissociation of precipitates has been used to recover 
several kinds of antibodies. Usually the dissociation is incomplete. Thus, 
part of the antibodies can be recovered from the precipitates formed by 
azo-proteins (Haurowitz et al}^) with the corresponding antisera; but an 
insoluble fraction is left behind containing antigen and some of the anti¬ 
body. The degree of dissociation varies. Various workers have recovered 
diphtheria antitoxin by treatment of toxin-antitoxin precipitates with acid. 
But Pappenheimer, Lundgren and Williams found that this precipitate, 
dissolved in acetate buffer of pH 3.6 was not separated into two fractions 
by electrophoresis. 


VI, Toxic Enzymes 

Some toxins are enzymes and others appear to be related to enzymes. 
The reactions of these enzymes with antisera are an aspect of immunity 
in the common sense of resistance to disease. 

1. Toxicity of Urease 

Urease poisons animals that excrete urea as the main end product of 
the metabolism of nitrogen; it is harmless to birds that have little urea in 
their body fiuids (HowelU^^. The harmful action is secondary to the forma- 

F, Haurowitz, S. Tekman, M. Bilen, andP. Schw’erin, Biochem. J. 41,304 (1947). 

A. M. Pappenheimer, Jr., H. P. Lundgren, and J. W. Williams, J. Expil, Med 71, 
247 (1940). 

S. F. Howell, Ptoc. Soc. ExpiL BioL Med, 29, 769 (1932). 
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tion of ammonia from urea (Kirk and Sumner>«). Although urease is, in 
itself, harmless, the way animals are protected against it serves as an 
example of the way in which antibodies may act. Rabbits that have been 
immunized with urea and have formed antibodies are able to withstand 
100 times the dose of urease that is fatal to untreated rabbits. Serum from 
a rabbit that has been immunized will protect a rabbit against a fatal dose 
of urease, even if it is injected IJ to 2 hours after the urease (Kirk and 
Sumner'**®). This protection cannot be due merely to the combination of 
urease and antibody, for the antibody does not inhibit the activity of the 
urease with which it is combined even when a precipitate is formed. Pos¬ 
sibly the compound of urease and antibody is removed from the body fluids 
more quickly than the free urease is and the urease in combination is 
rapidly destroyed. Diphtheria toxin is not destroyed when it combines 
with antitoxin; it is not possible to test whether antitoxin neutralizes its 
direct action because its direct action is not known. Neutralization is not 
due to precipitation of the toxin, for the compound formed by toxin with* 
a large excess of antitoxin is soluble but is not toxic. The neutralization of 
toxin by antiserum, like that of urease, may be due to its rapid removal 
and destruction when combined with antibody. 

2. Neutralization and Cross-Reactions 

Among the toxic enzymes are hemolysins which act by splitting lecithin. 
The hemolytic venoms of snakes, scorpions, bees, wasps, and spiders con¬ 
tain lecithinase A, which splits lecithin at the junction between glycerol 
and a fatty acid. Snake venoms split off one unsaturated fatty acid, leaving 
lysolecithin, which is itself hemolytic. Wasp venom may carry the reac¬ 
tion further and split off two fatty acids per molecule (Belfanti'®0> bke 
the lecithinase B of rice bran. The hemolytic a-toxin of CL welchii was 
shown by Macfarlane and Knight'^® to split lecithin to phosphoryl choline 
and a diglyceride. This reaction is the cause of the opalescence formed by 
the toxin with serum (Nagler'®*) and with clear emulsions of lecitho- 
vitellin (Macfarlane, Oakley, and Anderson'®®). This type of enz3rme is 
activated by Ca ions. Enzymes with this type of action are found in the 
toxins of CL oedematiens including the 0 and y toxins (Oakley et a/.'®') 
and of CL histolyticum (Macfarlane'®*). Some other process Insides the 
splitting of lecithin is involved in hemolysis by these toxins, as they differ 
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in their ability to hemolyze different red blood corpuscles. The /?- and 7 - 
toxins of CL oedematiens attack horse red blood corpuscles, but hardly 
affect those of sheep; the a-toxin of CL welchii has little effect on horse 
corpuscles and hemolyzes those of sheep. The hemolysin of spiders acts 
strongly on the red corpuscles of rabbit and man, but has practically no 
effect on those of guinea pig and horse (Kyes‘“^). 

Another type of hemolysin, which is characterized by being made inac¬ 
tive by oxidation and reactivated by reduction, is found in the toxins of 
CL welchii (d-toxin), CL tetanic streptococcus (streptolysin O) and pneu¬ 
mococcus (Todd‘“) and CL oedematiens ( 6 -toxin, Oakley, Warrack, and 
Clarke^^O* The mode of action of these hemolysins is not known, but it 
is noticeable that the oxygen-labile hemolysin of CL tetani hemolyzes horse 
blood corpuscles preferentially. 

The immunological specificity of these toxins varies. There are consid¬ 
erable immunological differences between the bacterial lecithinases. Anti¬ 
sera to CL welchii a-toxin do not neutralize other lecithinases. CL oedema- 
liens forms three lecithinases, a-, and 7 -, with enzyme actions similar 
to that of CL welchii a-toxin; these are distinct immunologically. Antisera 
to the fi-ioxin of CL oedematiens also neutralize a hemolytic toxin of CL 
haemolyticumy which has similar enzyme action (Macfarlane^“). 

The oxygen-labile hemolysins differ less immunologically. All those men¬ 
tioned are neutralized by antiserum to streptolysin O; antiserum the CL 
welchii toxin neutralizes streptolysin (Todd^“). However these toxins 
are not immunologically identical. Strong antisera are needed for neutrali¬ 
zation of heterologous toxins and the amounts of antiserum required to 
neutralize homologous and heterologous toxins are not proportional to 
their hemolytic activity. The snake venoms are species specific; the venoms 
of various American rattlesnakes are almost immunologically identical; 
but antisera are ineffective against venoms of less closely related snakes 
(Boyd^^^). 

Macfarlane and MacLennan*®^ showed that CL welchii produces a pro¬ 
tease, collagenase, which breaks down connective tissue. This enzyme is 
immunologically distinct from the a- and ^-toxins of CL welchii (Oakley, 
Warrack, and von Heyningen^^*). Streptococci produced proteolytic enzyme, 
streptokinase, which activates the precursor of fibrinolysin (Christensen 
and MacLeod^^’); the activated fibrinolysin can break down a wall of 
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fibrin formed round a focus of infection; antibodies to streptokinase specif¬ 
ically inhibit the activation of fibrinolysin. 

Snake venoms contain two types of proteolytic enzyme that coagulate 
blood (Eagle***). (1) A protease that coagulates pure fibrinogen without 
calcium ions; it is not inhibited by antithrombin; (2) does not coagulate 
pure fibrinogen; converts prothrombin to thrombin without the presence 
of Ca ions or tissue-extract. The immunological specificity of these enzymes 
does not appear to have been studied, but the generalization that antisera 
in the venoms of a species do not neutralize the toxins of species that are 
not closely related applies to these enzymes. 

Hyalonuridase is an enzyme that depolymerizes hyalonuric acid. The 
breakdown of intracellular hyalonuric acid in the skin allows a wider 
spreading of substances including bacteria and toxins. Hyalonuridases are 
produced by Cl. welchii, Vibrion sepiique and pneumococci; they are also 
found in the venoms of snakes and bees and in leech extracts (Chain and 
Duthie***). The bacterial hyalonuridases are immunologically specific; those, 
formed by Cl. welchii and Vibrion sepiique are inhibited by homologous and 
not by heterologous antisera (McClean and Hale*'“). 

As with other enzymes, some degree of immunological cross reaction may 
be found between toxic enzymes that have the same enzyme action but 
are formed by different species. On the other hand one species may form 
toxins that have different or even similar enzymic actions but are im- 
munologically distinct. Thus Cl. oedematiens strain A forms two distinct 
lecithinases, with an action similar to that of Cl. welchii a-toxin, and also 
forms the oxygen-labile 3-toxin, another hemolysin (y-toxin) and a lipase 
(the c-toxin), all of which are immunologically distinct. There is no species 
specificity in the sense of a common immunological factor, shared by dif¬ 
ferent toxins of the same species. 

3. The Classical Exotoxins 

The classical exotoxins, diphtheria toxin, tetanus toxin and botulinus 
toxin have, during recent years, been prepared in a crystalline form. The 
toxins are homogeneous in electrophoresis and in the ultracentrifuge. Ex¬ 
traordinarily small amounts of these toxins are fatal. The minimal lethal 
doses for a mouse are approximately; diphtheria toxin, 7 pg., tetanus 
toxin, 8 X 10“* pg., botulinus toxin 3 X 10“* Mg- The molecular weight 
of botulinus toxin is about 9(X),000. Approximately 20 million molecules 
will kill a mouse; this is about one-sixth the number of molecules of hemo¬ 
globin in one mouse red blood corpuscle. The amino acids of diphtheria 
toxin and botulinus toxin have been estimated fairly completely; nothing 
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is known of their composition that will account for their toxicity. After 
injection of one or two minimal lethal doses into a susceptible animal, no 
symptoms can be observed for 18 or more hours, Pappenheimer^*' considers 
that it does not appear likely that these toxins act by direct inhibition of 
essential enzymes or that they are enzymes themselves; he suggests that 
they may act by blocking the synthesis of some essential cellular enzyme. 
Although antitoxin will save an animal if it is injected before or with the 
toxin, enormous doses have no effect if injected after the toxin. It seems 
that irreversible damage is done before the symptoms appear. 

Both tetanus and botulinus toxin seem to affect the acetyl-choline 
mechanism of the myoneural junctions; nothing is known of their func¬ 
tions or metabolism in the bacteria that form them. Diphtheria toxin seems 
to be connected with the formation of catalase b. The maximum amount 
of toxin is produced when the concentration of iron in the culture medium is 
about 0.1 mg. per liter; a porphyrin is then found in the culture medium 
in proportion to the amount of toxin. When the concentration of iron is 
above the optimum for production of toxin, 4 molecules of porphyrin and 
1 molecule of toxin fail to appear. The extra iron is taken up quantitatively 
by the bacteria and as the iron accumulates an iron containing porphyrin 
compound resembling cytochrome b increases in the cells. It was suggested 
by Pappenheimer and Hendee^®- that the toxin is the protein component 
or precursor of the protein component of the cytochrome b of the bacteria. 
The toxin may act by interfering with the synthesis of cytochrome b by 
susceptible animals. However, the contents of the bacterial cells form very 
little precipitate with diphtheria antitoxin. If the toxin is present in the 
cytochrome b of the cells it must be somewhat changed or its determinant 
groups must be blocked. 


Vn. Complement 

If the serum of a rabbit that has been immunized with red blood cor¬ 
puscles of another species of animal is heated at 56°C. for J hour and then 
mixed with a suspension of red blood corpuscles of the species from which 
those used for immunization were derived, the corpuscles are agglutinated 
but the hemoglobin remains in the corpuscles. If fresh unheated serum 
(which may be that of an unimmunized rabbit though serum of guinea 
pigs is most commonly used) is added the hemoglobin diffuses out of the 
corpuscles. The corpuscles are said to be hemolyzed and the process is 
known as lysis. There is no evidence of lysis, in the sense of a breakdown 
of the molecules; the framework of the corpuscles is not broken up; it 
seems that the structure of surface membrane is so altered that it becomes 
permeable to hemoglobin. Similarly, other cells, such as certain bacteria, 
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are lyaed by the joint action of antibody and some other agent present in 
fresh serum. This other agent is called complement. It is nonspecific; the 
same complement is involved in the lysis of the red blood corpuscles of 
various species and in the lysis of bacteria. Lysis of red blood corpuscles 
that have been sensitized by antiserum is the standard method of demon¬ 
strating the presence of this complement. 

Complement combines with the complexes formed by rabbit and human 
antisera and the homologous antigens. This fixation of complement can 
be shown by the failure to hemolyze sensitized red blood corpuscles. Earlier 
workers (Marrack and Smith,Haurowitz and AppeP®®) could not detect 
any difference between the amounts of precipitate formed by antigen and 
antibody in the presence of complement and the amount formed without 
complement. The nature of complement remained a mystery. But in 1941 
Heidelberger^®^ showed that the fixation of complement may lead to a con¬ 
siderable increase of the total nitrogen of an antigen-antibody precipitate, 
if enough of the serum that supplies the complement is used. For example* 
the nitrogen of the precipitate formed by 1 ml. of rabbit antipneumococcal 
serum and 1 ml. homologous polysaccharide, complement absent, was 
0.389 mg. ; the nitrogen of the precipitate formed by the same amounts of 
antiserum and polysaccharide in the presence of 5 ml. of unheated guinea 
pig serum was 0.565 mg. Allowing for a small increase in the presence of 
heated guinea pig serum, the increase that can be attributed to the fixation 
of complement was 0.16 mg.—rather under half the antibody nitrogen. 

Four components of complement are recognized. Two, C'l and C'2, 
are destroyed by heating at 56°C. for half an hour; C'l is insoluble in dis¬ 
tilled water and is a globulin; C'2 is soluble in distilled water and is a 
globulin that contains a high proportion of carbohydrate. C'3 and C'4 are 
not destroyed by heating at 56®C. for half an hour; C'3 is absorbed by 
yeast and C'4 is destroyed by ammonia. 

Heidelberger^®® calculated that 600 molecules of rabbit antibody, to¬ 
gether with complement, are sufficient to lyse one sheep red blood cor¬ 
puscle; he assumed that the molecular weight of this antibody is 900,000 
as found by Paic.® These molecules of antibody would cover only 0.7% of 
the surface of the corpuscle. The number of molecules of nonspecific lytic 
agents that are needed for lysis is very much higher. Thus 5 X 10® mole¬ 
cules of sodium tetradecyl sulfate, one of the most efficient, are needed to 
change the disc shape of one human red corpuscle to a sphere, the stage 
that precedes lysis (Ponder*®®). 

We may suppose that some constituent of the cell membrane of a cor¬ 
puscle combines with antibody and that subsequent combination with com- 
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plement leads to a disorganization of the arrangement of the molecules and 
makes a hole in the membrane. If the area of hole formed is of the same or¬ 
der as the surface of an antibody molecule the hemoglobin of the corpuscles 
might diffuse out as rapidly as is found. For Ponder*®® quotes Fricke^®^ to the 
effect that 90% of the hemoglobin molecules could diffuse out in 4 seconds 
through 100 holes 70 A. in diameter, which together would make up only 
1/30,000th of the surface of the corpuscle. It is assumed that the hemo¬ 
globin molecules are free in the interior of the corpuscle and not arranged 
in any structure. Also the disorganization of the arrangement of molecules 
round one antibody molecules may displace some keystone of the surface 
membrane and lead to collapse of the structure over a wide area. It is 
therefore not necessary to assume that hemolysis by antibodj^ and comple¬ 
ment resembles the action of an enzyme. 

Heidelberger*®® points out that the amount of C'4 involved in hemolysis 
is minute and suggests that, if any component of complement acts as an 
enzyme, it is C'4.*®® The concentration of magnesium ions has a specific 
effect on the lytic activity of complement (Mayer et This may be 

compared with the influence of magnesium ions on enzyme actions. How¬ 
ever, in both cases the special effect may be due to the formation of un¬ 
ionized compounds of protein and magnesium. 

E. Ponder, Haemolysis and Related Phenomena. Grune and Stratton, New 
York, 1948, p. 249. 
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iM Mayer and Croft (M. Mayer and C. C. Croft, Federation Proc. 7, 308, 1948) 
suggest that the action of hemolytic antibody resembles that of any enzyme, while 
the complement appears to play the role of a cofactor that is used up in the process. 
Complement may furnish energy that enables the antibody to fulfill its hemolytic 
function. 
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radicals R and R' bound in the ester causes special typ^ of specificity 
among the esterases. 

If simple, common esters, e.g., methylbutyrate, are involved, we speak 
of esterases proper. Recently, acetylesterase has been separated from this 
group; the latter hydrolyzes esters of acetic acid with particular specificity, 
while the nature of the alcohol has no effect. If the alcohol is glycerol and 
the acid a true fatty acid, we are dealing with the lipases. If glycerol is 
replaced by cholesterol, cholesterol esterase functions in the formation and 
hydrolysis of the esters. The hydrolysis of esters which contain A^-alcohols 
and iV-substituted alcohols is attributed to the azolesterases; this group 
comprises the cholinesterases^ the henzoylcholinesterase, airopinesterasCy 
cocainesterase and tropacocainesterasCy as well as other esterases which have 
not been named more precisely. Tannase is an enzyme which hydrolyzes 
tannin and also gallic acid methyl ester. Chlorophyllase is also classified 
among the esterases although it causes not only a hydrolysis but also an 
alcoholysis. Esterases are, moreover, involved in the hydrolysis of the 
lecithins (Iccithinases A and B) and of the pectins {pectase). 

The two large groups, the phosphatases and snlfaiasesy should be con¬ 
sidered as esterases in the true sense of the word. However, these enzymes 
act to break oxygen-phosphorus or oxygen-sulfur bonds, so that these two 
groups of enzymes fall outside the scope of the esterases which have been 
mentioned and which always hydrolyze an oxygen-carbon bond. 

Cholinesterase and henzoylcholinesterase have been treated by Augustins- 
son (Chapter 10) and i ectase by Kertesz (Chapter 21), the lecithinases 
have been ilisciissed by Zeller (Chapter .30), the sulfatases by Fromage 
(Chapter 13), and the phosphatases by Roche (Cliapter 11) (cf. also Ref. 1). 

II. Brief Survey of Methods of Determination and of 
Esterase Preparations 

1. The Determination of Esterase Activity 

At this point, some general remarks are in order. Detailed des#iptions of the pro¬ 
cedures used for tlie determination of the various esterases and for the preparation 
of enzyme samples may be found in Dir. Melhoden der Fermentforschnng by Bamann 
and Myrbiiek.* Some indications of methods of determination are also given in the 
treatment <^f the individual (*sterases. 

In order to determine esterase activity in the direction of synthesis as well as of 
hydrolysis, the amount of acid l)eii^g used up or produced is very often measured. 
Omitting older procedures, the titrimetric determinations of Willstatter et al.^ may 

* Among recent reviews on esterases the following may be mentioned: D. Click, 
Ayin. Rev. Riochem. 11, 51 (1942); J. B. Sumner, Ann. Rev. Biochem. 17, 35 (1948); 
J. B. Sumner and G. F. Somers, Chemistry and Methods of Enzymes. 2nd ed., Aca¬ 
demic Press, New York, 1947; H. Tauber, Ann. Rev. Biochem. 10, 47 (1941). 

* Lipases and esterases: E. Waldschmidt-Leitz and A. Schaflfner, in Bamann- 
Myrbiick, Die Methoden dor Fermentforschung. Thieme, Leipzig, 1941, p. 1547; 
Tannase: O. Th. Schmidt, ibid. p. 1590; Chlorophyllase: R. Lainbrecht, ibid. p. 1699. 

* U. Willstatter, E. Waldschmidt-Leitz, and F. Memmeu, Z. physiol, Chem, 125, 
93 (1923). 
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be mentioned as the first method. The principle consists of a determination of the 
degree of saponification of olive oil, which serves as substrate, produced by the enzy¬ 
matic hydrolysis. At the same time, the olive oil substrate may be improved by the 
addition of buffers and suitable activators (calcium chloride, albumin, and oleate). 
The acid which is produced is titrated with alcoholic KOH. The hydrolysis of esters 
other than fats was followed by Willstatter and Memmen.^ Esters of low water 
solubility may be advantageously maintained in fine dispersion by an emulsifying 
agent, e.g., gum arabic.* Knaffl-Lenz* determined the saponification of esters on the 
basis of the amount of alkali required to keep the hydrogen ion concentration constant 
as shown by an added indicator. In a similar manner, Willstatter et ai.’ followed the 
hydrolysis of esters in solutions free of buffer by titration with the aid of bromthymol 
blue.* Bamann and Schmeller® have pointed out the very considerable sources of 
error inherent in the use of indicators in esterase determinations, since indicators may 
sometimes have a significant inhibitory effect on the enzyme-substrate system; this 
has also been shown for gum arabic by Fodor.*® Rona and Ammon*^ employed the 
electrotitrimetric method which checks on the formation of acid by continuous pH 
measurements and maintains a constant pH by the addition of alkali. Glick** used 
the glass electrode for this purpose (as described for cholinesterase). The electro¬ 
titrimetric procedures are carried out in the absence of buffers. If for certain experi¬ 
mental reasons it is desired to use a buffer, it is necessary to determine the influence 
of the latter in calibration curves, as described by Galwialo and Simina^* and Rona 
and Ammon.Special methods for the titrimetric determination of the acid remaining 
in the nonesterified state in enzymatic synthesis have not been described. The 
investigations and remarks on methods by Bodenstein and Dietz,Rona et al.^* 
Sym,^’‘‘* Rona, Ammon** and Fabisch*® may be listed. Finally, the work of Sym*® 
with simultaneous determinations of the acid by titration and of the alcohol disap¬ 
pearing during synthesis according to Tschugaeff and Zerewitinoff deserves mention. 
Singer and Hofstee** studied the hydrolysis of esters by plant lipases with the aid 
of steam distillation whereby the free fatty acids distill over. Linderstr0m-Lang 
and Holter** and Linder8tr0m-Lang and Glick*’ have described elegant methods for 
microdetermination in small portions of tissue (enzymatic histochemistry). 

* R. Willstatter and F. Memmen, Z, phjjeiol. Chem. 133, 229 (1924); R. Willst&tter, 
R. Kuhn, O. Lind, and F. Memmen, ibil. 167, 303 (1927); see also G. Scoz and L. 
Guzzi, Klin. Wochschr. 19, 1014 (1940); O. Scoz, Boll. soc. ital. hiol. sper. 16, 1132 
(1940); Riv.fisiol. 16, 99 (1942)/C./1.37, 6296’ (1943). 

‘ J. R. Koch and S. M. D. Duellman, Oil & Soap 18, 86 (1941); R. M. Archibald, 
J. Biol. Chem. 166#1|43 (1946); P. J. Fodor, Nature 168, 375 (1946). 

* E. Knaffl-Lenz, Arch, exptl. Path. Pharmakol. 97, 242 (1923). 

^ R. Willstatter, R. Kuhn, and E. Bamann, Ber. 61, 8S6 (1928). 

* See also F. Walker, Am. J. Physiol. 139, 343 (1943). 

® E. Bamann and M. Schmeller, Z. physiol, Chem. 194, 1 (1931). 

»® Cf. ref. 5; P. J. Fodor, Nature 168, 375 (1946). 

“ P. Rona and R. Ammon, Biochem. Z. 181, 49 (1927). 

** D. Click, Compt. rend. trav. lab. Carhherg. Skr. chim. 21, 225 (1935-1938). 

** M. J. Galwialo and L. J. Simina, Biochem. Z. 238, 24 (1931). 

** P. Rona and R. Ammon, Biochem. Z. 249, 446 (1932). 

** M. Bodenstein and W. Dietz, Z. Elektrochem. 12, 605 (1906). 

*®P. Rona, R. Ammon, and H. Fischgold, Biochem. Z. 241, 460 (1931). 

E. A. Sym, Biochem. Z. 230, 19 (1931). 

E. A. Sym and W. S viatko vska, Enzymologia 2, 79 (1937-1938). 

W. Fabisch, Biochem. Z. 269, 420 (1933). 

*® E. A. Sym, Biochem. J. 80, 609 (1936) ; Enzymologia 1, 166 (1936-1937). 

** Th. P. Singer and B. H. J. Hofstee, Arch. Biochem. 18, 2^ (1948). 

K. Linderstr0m-Lang and H. Holter, Ergeb. Enzymforsch. 3, 309 (1934). 

” K. Linder8tr0m-Lang and D. Click, Compt. rend, trav. lab, Carleberg. Sir. chim. 
M. 300 G938). 
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Besides the titrimetric procedures used for studies of hydrolysis and synthesis, 
use is made of the following methods involving mainly 1) stalagmometry, 2) the 
Warburg apparatus, 3) dilatometry, 4) colorimetry, and 5) nephelometry. 

Rona and Michaelis^^ developed the stalagmometric method which makes use of 
the strongly surface-tension-reducing action of tributyrin. As tributyrin disappears 
during hydrolysis, the surface tension value approaches that of pure water. A special 
drop pipette is used for the measurement of surface tension. Willstatter and 
Memmen** introduced some modifications of this method. One of the important steps 
is a purification of the tributyrin. Measurements of surface tension with the most 
varied modifications in the determination of lipase activity were employed by Krijgs- 
man,** Wwedenski and Dobrowitzky,” Lejhanec,** and recently Lagerlof.** Bullo 
and Poli*° did not count the drops but rather weighed them on the torsion balance. 

Rona and Lasnitzki** have recommended the gasometric method based on the 
procedure developed by Warburg** for studying glycolytic reactions in surviving 
tissue. Ammon** employed the same principle for the determination of cholinester¬ 
ase. The gasometric method involves the liberation and measurement of carbonic 
acid which is equivalent to the acid liberated from the ester by the enzyme. The 
Warburg apparatus is also suitable for the determination of the tropinesterases and 
of acetylesterase. 

Dilatometry has also been used for the measurement of reactions catalyzed by 
esterases. However, Rona and Ammon*^ have pointed out the relatively slight utility 
of the dilatometer for esterases. A special dilatometer described by Ammon and 
Bartscht*^ makes it possible to obtain data on the volume changes which take place 
during synthesis and hydrolysis. 

The use of colorimetric methods (with the Pulfrich or photoelectric colorimeter) 
may be illustrated by the methods of Huggins and Lapides®* and Gad** which employ 
p-nitrophenylbutyrate as the substrate. 

A nephelometric lipase determination based on the measurement of the turbidity 
of fat has been described by Rona and Kleinmann.*^ 

2. Preparation of Esterase Samples 

The specific details for this section may also be found in Die Methoden der Ferment- 
forschung by Bamann and Myrback, Only a brief survey of the most essential funda¬ 
mentals which lead to the preparation of various esterase samples is intended here. A 
few remarks on suitable enzyme preparations are presented in the discussion of the 
individual esterases. 

In the very simplest instance, the esterases may be demonstrated directly in the 


P. Rona and L, MichacHs, Biochem, Z, 31, 345 (1911). 

*• R. Willstatter and F. Memmen, Z. physiol. Ghent. 129, 1 (1923). 

*• B. J. Krijgsman, Natuurw. Tijdschr. Be!g. 10, 137 (1928). 

*^ N. Wwedensky and P. J. Dobrowitzky, Biochem. Z. 188, 448 (1927). 

*• G. Lejhanec, Compt. rend. soc. hiol. 113, 1231 (1933). 

*• H. O. Lagerltif, Acta Physiol. Scand. 13, 301 (1947). 

*® E. Bullo and E. Poli, Diagnost. e tec. lab. Napoliy Riv. mens. 7, 1 (1936). 
** P. Rona and A. Lasnitzki, Biochem. Z. 152, 504 (1924). 

*» O. Warburg, Biochem. Z. U2, 317 (1923) ; ibid. 162, 51 (19‘24). 

** R. Ammon, Arch. ges. Physiol. (Pfitigers) 233, 486 (1933). 

R. Ammon and K. Bartscht, Biochem. Z. 268, 331 (1934). 

** C. Huggins and J. Lapides, J. Biol. Chem. 170, 467 (1947). 

•• I. Gad, Dansk Tide. Farm. 23, 1 (1949). 

^ P. Rona and H. Kleinmann, Biochem. Z. 174, 18 (1926). 
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body fluids such as saliva, gastric juice, blood, urine, serum, or plasma; no prepara¬ 
tive treatment is then needed. It is thus feasible in many experiments to determine 
esterases directly in serum or in urine. If the samples are kept in the refrigerator, the 
esterases of serum, for example, have a relatively high stability. But in general it is 
desirable to employ stable enzyme preparations. The simplest possibility for testing 
tissues for enzyme activity is the press juice; while it is not stable—it may be kept 
for some time under toluene in the refrigerator—it gives an indication of the enzy¬ 
matic capacity of a tissue and consequently leads to the preparation of more suitable 
samples. Glycerol may be used in a simple manner as an extractant for tissue breis. 
Such glycerol extracts, e.g., embryo extract, are distinguished by a high stability, 
especially if they are maintained in the refrigerator. They also have the advantage 
of containing only relatively low levels of protein and of being resistant to extensive 
bacterial growth. A significant advance in the preparation of stable tissue powders 
and extracts is by means of adsorption and elution. The so-called acetone-ether 
powders of tissues may be prepared according to Willstatter and Waldschmidt- 
Leitz.** The tissues are first defatted as completely as possible by crude mechanical 
means and put through a meat grinder. The tissue brei is shaken several times with 
acetone, followed by a single treatment with a mixture of ether and acetone and 
finally by several treatments with ether. In this way, the tissue brei is largely freed, 
of water and fat. Following air>drying for several hours until the odor of ether has 
disappeared, the powder is ground in a ball mill and put through a sieve. 

Highly active enzyme solutions may be prepared from such powders by treatment 
with either 87% glycerol or iV’/40 ammonia. Glycerol extracts are quite stable, as 
stated earlier. Ammonia extracts must be neutralized with acetic acid before further 
use; after centrifugation to remove the precipitate which is formed, this aqueous 
extract may be kept for some time in the refrigerator under toluene. This ammonia 
extract may also be concentrated under reduced pressure according to Willst&tter et 

Bamann^® prefers to remove the precipitate formed by the addition of acetic acid 
to the ammonia extract and then to dialyze the enzyme solution in mutton caeca. 
Such solutions exhibit a high stability if maintained under toluene in the refrigerator. 
They are distinguished by the absence of a large portion of the buffering impurities 
which may disturb the effect of added substances or even the titrimetric determina¬ 
tion. 

Willst&tter and Waldschmidt-Leitz^' have developed adsorption and elution 
methods for the preparation of purified pancreatic lipase solutions; these methods 
lead to preparations which are not only much more active but also largely free from 
the other pancreatic enzymes. The principle of the purification consists of adsorption 
of the enzyme, after extraction with glycerol, from dilute acetic acid on a specially 
prepared aluminum hydroxide.^® The enzyme is eluted by a specified solution of 
ammonium phosphate which contains glycerol to stabilize the enzyme. If further 
adsorption and elution is to be carried out, it is necessary first to precipitate the 
phosphoric acid as magnesium ammonium phosphate; then adsorption and elution 
proceeds as indicated. If further purification is desired, the enzyme may be adsorbed 

•• R. Willst&tter and E. Waldschmidt-Leitz, Z, physiol, Chem, 125, 132 (1923); 
ibid, 142, 217 (1925). 

*® R. Willstatter, J. Graser, and R. Kuhn, Z. physiol, Chem. 123, 1 (1922). 

E. Bamann, Ber, 62, 1538 (1929). 

See ref. 38; see also p. 135, Zur Geschichte der Adsorption von Enzymen. 

R. Willst&tter and H. Kraut, Ber, 66, 149 (1923). 
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on kaolin^* or on tristearin or cholesterol.^* If the latter two substances are used, the 
lipase is isolated by dissolving out the lipid in benzene. In the case of liver esterase 
it is better to start with an extraction with iV/40 ammonia and to adsorb the enzyme 
on kaolin from a dilute acetic acid solution**; ammonia is again used for the elution. 
A further purification can be achieved by electrodialysis according to Willstatter 
and Schneider.** Similar, though somewhat modified procedures have been applied 
to stomach lipase, which has been purified by Willstatter et al.^^ According to Rona 
and Petow** serum lipase may be removed by ammonium sulfate precipitation on the 
globulin precipitates which arc then taken up in glycerol. It is indicated below that 
these procedures for the preparation of the enzyme sample fail with castor oil lipase, 
since this enzyme complex is quite different. According to Willstatter and Wald- 
schmidt-Leitz** the starting material is the cream obtained by triturating castor 
beans with water. Chromatography may also be successfully employed for the 
separation of mixtures of esterases. According to Ruffili,*® beef pancreas preparations 
may be separated with the aid of AI 2 O 3 into fractions which have a different hydro 
lytic action on olive oil and methylbutyrate. 

The more recent findings on lyo- and desmo-enzymes have thrown a differeiit 
light on the isolation of the enzyme from the tissues in the case of the esterases as 
well. The treatment of the tissues wdth acetone or ether w-hich has been described 
indeed produces profound changes in cell structure, so that after such treatment 
quite different enzymes go into solution. Liver esterase, e.g., may be isolated rapidly 
and quantitatively from fresh liver by allowing the minced brei to autolyze for several 
days in an alkaline medium, as described by Hamann et al.^^ Largely purified esterase 
preparations may be obtained from liver extracts by salt precipitation according to 
Falconer and Taylor.” In their experiments on pancreatic lyo- and desmo-lipases. 
Hamann and Laeverenz” further reported that they had succeeded in preparing a 
crystallized lipase protein. Safw'at Mohamed” recently reported the e.xact conditions 
for the preparation of a crystallized esterase from horse liver. 

Finally, the preparation of the “pheron** and “agon’’ of esterase according to 
Kraut and Pantschenko-Jurewicz*® should be briefly mentioned. These investigators 
were able to show that liver esterase may be brought to a higher degree of purity in a 
few purification steps by adsorption on lead phosphate. If the liver extract which 
has first been adsorbed on lead phosphate is treated with siliceous earth, a preparation 
rich in esterase pheron is obtained. The simplest method for the preparation of a 
sample rich in pancreatic lipase agon consists of dilution of glycerol extract with 
water and removal of the flocculent precipitate by centrifugation. The solution 
contains the lipase coenzyme (agon). 


*» See ref. 38, p. 182. ** See ref. 38, p. 195. 

** R. Willstatter and F. Memmen, Z. physiol. Chem. 138, 216 (1924). 

** R. Willstatter and K. Schneider, Z. physiol. Chem. 133, 193 (1924). 

*^ R. Willst&tter andF. Memmen, Z. physiol. Chem. 133, 247 (1924); R. Willst&tter, 
F. Haurowitz, and F. Memmen, ibid. 140, 203 (1924). 

** P. Rona and H. Petow, Biochem. Z, 146, 144 (1924). 

*• R. Willstatter and E. Waldschmidt-Leitz, Z. physiol. Chem. 134, 161 (1924). 

D. Ruffili, Boll. soc. ital. biol. sper. 19, 239 (1944). 

E. Bamann, J. N. Mukherjee, and L. Vogel, Z. physiol. Chem. 289, 15 (1934). 

•* J. S. Falconer and D. B. Taylor, Biochem. J. 40, 831 (1946); ibid. 40, 835 (1946). 
** E. Bamann and P. Laeverenz, Z, physiol. Chem. 823, 1 (1934), 

** M. Safwat Mohamed, Acta Chem. Scand. 8 , 90 (1948). 

H. Kraut and W. von Pantschenko-Jurewicz, Biochem. Z. 876, 114 (1935). 
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in. The Individual Esterases 

1. Lipases and Simple Esterases 
a. Esterase Models 

The possible existence of enzyme models has been discussed in the case 
of the esterases^* as of other enzymes. Esterase models involve the phe¬ 
nomenon of the so-called transesterification, i.e., an ester AB (A = alcohol 
component, B = acid component) forms an equilibrium AB + CB -f 
A with an alcohol C under the catalytic influence of hydroxyl ions. If a 
suitable alcohol C is used, such that CB is more easily hydrolyzed by 
water than AB, then C acts as the catalyst: 

AB -f C CB + A 

CB -h H,0 C 4- B 

AB 4- H,0 A 4- B 

According to Langenbeck, benzoylcarbinol, CeHs * CO *0112011, and aryl- 
amides of glycolic acid, CH 2 OH COOH, are examples of such alcohols. ' 


TABLE I 

Htdroltsis of Butyric Acid Methyl Ester at 70® 


Catalyst 

Moles in 

2 cc HjO 

! 

Ester cc. 

AT/IO Ba(OH), 
after 10 min., 
cc. 

Benzoylcarbinol 

5 X 10-« 

— 

0.00 



0.5 

0.44 

Naphthoyl- (2) -carbinol 

5 X 10-* 


0.00 



0.5 

0.66 

Ar-2.Naphthylglycolamide 

5 X 10-‘ 

! 0.5 

1 

0.93 


It may clearly be seen how the hydrolysis of methylbutyrate, an ester 
which has been extensively used in studies of the esterases, can be acceler¬ 
ated. lonescu and Cotani,” however, were unable to confirm Langenbeck’s 
findings on the effect of benzoylcarbinol. 

Nevertheless, this principle of a more rapid saponifiability of an ester 
AB in the presence of another ester CB, whereby the hydrolytic cleavage 
of AB may be catalyzed, appears to be well-founded. Indeed, during the 
esterase-catalyzed hydrolysis of esters there occurs the formation of the 
intermediary enzyme-substrate complexes which represent new esters, 
comparable to CB, which may be more rapidly saponified than the sub- 

•• W. Langenbeck, Die organischen Katalysatoren und ihre Beziehungen zu Fer- 
menten. Julius Springer, Berlin, 1936; G.-M. Schwab and F. Rost, in Schwab, Hand- 
buch der Katalyse, III, Biokatalyse. Springer-Verlag, Wien, 1941, p. 645. 

C. N. lonescu and I. Cotani, Ber, 71,1367 (1938). 
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strate AB. It appears likely that a similar explanation may be found for 
the effect of the so-called Twitchell lipolytic reagents,®® which represent 
aromatic sulfonic acids' 

Mention should also be made of clupein ascorbinate, a further esterase 
model, which according to Felix and Mager®® has a slight activity in the 
hydrolysis of methylbutyrate. 

6. General Properties of the Esterases 

{pH optima, activators and inhibitors, coenzyme, prolipase and lipokinase, 
affinity and hydrolysis constants, temperature effects, esterase units) 

The pH optima of the esterases, which lie between pH 5 and 9 and which 
are in part presented in the description of the individual enzymes, give 
only an approximate clue to the behavior of a particular enzyme at the 
various levels of acidity. It has been found that the optimum is dependent 
upon the most varied factors. The enzyme complex, with its many possible 
contaminants which may activate or inhibit, plays an important role; the 
substrate to be hydrolyzed also may have an effect; it has been shown by 
Noyes et that tissue lipases exhibit different pH optima following 
different pretreatments. Stomach lipase provides a very impressive illustra¬ 
tion. With progressing purification of the enzyme preparation the pH 
optimum moves from the initial acid level (pl^ 5) toward the alkaline 
side (pH 8). Gyotoku®^ was unsuccessful in his attempts to attain the acid 
optimum of stomach lipase by adding back the contaminants which had 
been removed. By changing the pH value toward the acid side, the hydroly¬ 
sis of the second alcohol residue in acid esters, e.g. of succinic acid, becomes 
possible.®* 

Activators and inhibitors. One of the most significant contributions is the 
so-called compensating activation of Willstatter;®® according to this prin¬ 
ciple, it is possible to compare different lipase activities by means of the 
maximal activation of different lipase preparations. Albumin and calcium 
oleate are employed as activators. The activating effect of calcium chloride 
at various pH levels was investigated by Sch0nheyder and Volqvartz;®^ it 
was concluded that Willstatter’s concept of the formation of complex 
adsorbates does not appear to be well-founded. Great significance has been 
attributed recently to the compensating activation of the desmo- and lyo- 
lipases of pancreas and liver which may perhaps explain many conflicting 

»• S. N. Basu, J, Indian Chem. Soc, Ind, & News Ed. 4 , 113 (1941). 

K. Felix and A. Mager, Z. physiol. Chem. 249, 111 (1937); ibid. 249, 126 (1937). 

•0 H. M. Noves, K. Sugiura, and K. G. Falk, J. Biol. Chem. 66, 653 (1923). 

•* K. Gyotoicu, Biochem. Z. 193, 18 (1928); ibid. 193, 27 (1928). 

•* E. Bamann and E. Rendlen, Z. physiol. Chem. 238, 133 (1936). 

•* See ref. 4; R. Willst&tter and F. Memmen, Z. physiol. Chem. 133, 229 (1924). 

** F. Soh0nheyder and K. Volqvarts, Acta Physiol, Scand. 10,62 (1945). 
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data of other investigators concerning activation. Bamann and Laeverenz®* 
have stated that the lyo-lipase of pancreas is characterized by a 5000- 
9000% increase in activity upon the addition of compensating activators. 
The desmodipase in the form of the finest suspension of extracted glandular 
material, on the other hand, exhibits an activation of only a few hundred 
per cent under these conditions.®* Salts of bile acids also activate the hy¬ 
drolytic action of pancreatic lipase. Shoda, Okamura,*^ and Kaziro and 
Tsuji®® have investigated the activating effect of bile acids in relation to 
their constitution. The activating effect of bile acid salts for stomach and 
pancreatic lipase takes place only upon the attaiftment of a certain degree of 
purity.®® Krahling and Weber^® studied the influence of contaminants on 
the hydrolysis of esters by lipases. According to their data, the influence 
of fatty acid or bile acid salts on the pancreatic hydrolysis of water-soluble 
esters consists solely in the effect on the rate of decomposition; no effect 
on enzyme-substrate affinity has been observed. Bamann and Laeverenz^^ 
reported that sodium oleate not only inhibits strongly the hydrolysis of 
mandelic acid esters by liver esterase but also changes the optical selectivity 
of the enzyme. The activation of the lipase effect of the pancreatic enzyme 
by amino acids is a striking phenomenon. Activations of several hundred 
per cent may be observed with leucylglycylglycine.^* • Abderhalden and 
GeideF* have established that this effect is shared by a series of other 
polypeptides, and Gertler^® was able to demonstrate that the L-form of 
leucylglycylglycine exerts the greatest influence on pancreatic lipase. Liver 
esterase (and likewise cholinesterase) are not affected. 

Many inhibitory effects have been observed in studies on esterases. 
The most varied tissue lipases and esterases proved more or less capable of 
being inhibited by the most manifold drugs. 

Broekmeyer^* reported on the susceptibility of serum and liver esterase 
to strychnine and cocaine. Rona and Ammon^® investigated the effect of a 
few isomeric poisons on various lipases. 

It was also established that the sensitivity of the esterases toward some 
inhibitors depends to a large extent on their degree of purity. Zummo^^ 

See also E. Bamann and W. Salzer, Ergeh. Emymforach. 7, 28 (19.38). 

•• M. Shoda, J, Biochem, Japan 6 , 395 (1926); ibid. 7, 505 (1927). 

T. Okamura, J. Biochem. Japan 8, 351 (1928). 

•• K. Kaziro and K. Tsuji, J. Biochem. Japan 11,333 (1930). 

•• R. Wiilstatter and E. Bamann, Z. physiol. Chem. 173, 17 (1928). 

K. Krahling and H. H. Weber, Biochem. Z. 298, 227 (1938). 

E. Bamann and P. Laeverenz, Z. physiol. Chem. 223, 185 (1934). 

E. R. Dawson, Biochem. J. 21, 398 (1927). 

E. Abderhalden and W. Geidel, Fermeniforschung 13, 156 (1933). 

W. Gertler, Fermeniforschung 16, 171 (1938). 

»*J. Broekmeyer, Klin. Wochschr. 8 , 874 (1924). 

Cf. ref. 11; P. Rona and R. Ammon, Biochem. Z. 181, 49 (1927). 

'' C. Zummo, Boll. soc. ital. biol. sper. 8,465 (1928). 
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and Gyotoku^*’ again showed that purified pancreatic lipase is less sensi¬ 
tive toward quinine. Conversely, Rona and Gyotoku*® were able to cause 
the quinine-resistant stomach lipase to become quinine-sensitive. Wohl¬ 
gemuth and Nakamura®^ demonstrated in a similar manner that the lipase 
of the skin, which normally is not sensitive to atoxyl and quinine, can 
be made sensitive toward these drugs by dialysis. Resistance to atoxyl 
and quinine appears to be due to the presence of contaminants, since it 
could again be produced by the addition of nondialyzed extract. Rona and 
Ammon^* tested whether alkaloids, such as quinine and quinidine, which 
inhibit the hydrolysis of mandelic acid ester by hog liver esterase, also have 
an effect on the optical selectivity; this is not the case, however. But 
Bamann and Laeverenz®^ were able to report that this effect may be 
demonstrated in more suitable systems. Strychnine not only activated the 
hydrolysis of mandelic acid esters under the influence of human liver 
esterase but also caused a decided change in the stereochemical specificity 
of the enzyme (cf. p. 414). Rona and Petow^* believed that it would be 
possible to use the different behavior of a series of tissue lipases, principally 
towards atoxyl and quinine, for clinical-chemical diagnosis; that is, to 
establish whether in pathological conditions the appearance of certain tissue 
lipases can be proved by a change in the behavior toward the two inhibitors. 
Indeed, lipases which have not been encountered in normal blood seem to 
be present in some typical cases (cf. also blood lipase, p. 425). Among the 
hormones which have been investigated, thyroxine has been shown to be 
an inhibitor for the enzymes which hydrolyze fats.®® Among the vitamins, 
vitamin A has been postulated by Johnson®^ to have a specific effect on the 
activity of lipase (concerning vitamin C and esterase, cf. below). 

Murray and King®^ investigated the influence of optically active alcohols 
on the hydrolysis of ethylbutyrate and ethylpropionate catalyzed by sheep 
liver esterase. According to their data, the levorotatory forms of methyl-n- 
hexylcarbinol and methyl-i3-phenylethylcarbinol inhibit enzymatic hydroly¬ 
sis about five times more strongly than the dextrorotatory isomers. When 
rabbit liver esterase is used, the difference between the alcohol forms is 
only slight. The inhibition is explained on the basis of an affinity of the 
enzyme for the alcohols. 

Click and King®* ®^ found definite differences between pancreatic and liver 

K. Gyotoku, Biochem. Z. 193, 39 (1928). 

K. Gyotoku, Biochem. Z. 217, 279 (1930). 

P. Rona and K. Gyotoku, Biochem. Z. 167,171 (1926). 

J. Wohlgemuth and Y. Nakamura, Biochem. Z. 176, 216 (1926). 

** E. Bamann and P, Laeverenz, Ber. 63, 394 (1930). 

“ O. Mtihlbock and C. Kaufmann, Biochem. Z. 238, 377 (1931). 

B. L. Johnson, Iowa Stale Coll. J. Sci. 2, 145 (1928). 

D. R. P. Murray and C. G. King, Biochem. J. 24, 190 (1930). 

•• D. Glick and C. G. King, J. Biol. Chem. 94, 497 (1931-1932). 

D. Glick and C. G. King, J. Biol. Chem. 97. 675 (1932). 
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esterase: the former is activated, the latter inhibited by a series of quite 
different alcohols.*® Finally, mention should be made of the very strong, 
but reversible inhibitory action of urethans (miotin) on guinea pig serum 
lipase.** The inhibitory effect of the fluoride ion on lipases may also be 
noted.*® The fluorophosphates, which are strongly inhibitory for cholin¬ 
esterase and acetylesterase, have been shown by Webb*^ to be inhibitors for 
liver esterase and milk lipase as well. 

The strongly activating effect of calcium has already been mentioned. 
It is of considerable interest that according to Scoz®* sodium citrate also 
acts as an effective activator for liver, blood, and adrenal esterase in the 
hydrolysis of tributyrin. Ruffo,** in dialysis experiments with esterase 
preparations from hog liver, found that a coenzyme-like substance went 
into the dialyzate; this substance could be replaced by traces of Cu, but 
not by Mg, Mn, Co, or Fe. 

A prolipase and a lipokinase have been postulated by Freudenberg.*^ 
Mother’s milk is assumed to contain the proenzyme which is converted to 
the enzyme proper by lipokinase, an activator present in gastric juice# 
It is doubtful whether the experiments of Freudenberg should be inter¬ 
preted in this way, since bile acids may exert a strongly activating effect 
on lipase and since Freudenberg himself found that oxidation products of 
fatty acids may also replace ^lipokinase.” The assumption of Pantschenko- 
Jurewicz and Kraut** that ascorbic acid (vitamin C) participates in the 
esterase complex (as esterase ‘‘agon”) similarly lacks cogency. Starting 
with the observation that blood lipase is reduced in scurvy**, it was 
found that the esterase content of blood and liver in the guinea pig is raised 
by the injection of ascorbic acid. This increase in blood esterase following 
ascorbic acid injections was also found in man by Mosters*^ and somewhat 
later by Kriiger.** Pantschenko-Jurewicz and Kraut further established 
that the co-esterase, which can be removed by dialysis, contains a reducing 
group. The reduction value of one unit of purified esterase is as large as 
that of approximately 1 7 ascorbic acid. The fact that ascorbic acid may 
activate this and other enzymes by virtue of its reducing power** should 

•• In reference to the influence of indicator dyes on esterase splitting, 
cf. E. Bamann and M. Schmeller, Z. physiol. Chern. 194, 1 (1931). 

•• E. Stedman and E. Stedman, Biochem. J. 25, 1147 (1931). 

•® J. H. Kastle and A. S. Loevenhart, Am. Chem. J. 24, 491 (1900); G. Peirce, 
J. Biol. Chem. 16, 5 (1913-1914). 

E. C. Webb, Biochem. J. 42, 96 (1948). 

•* G. Scoz, Enzymologia 9, 1 (1940-1941). 

•* A. Ruffo, Boll. 80C. ital. biol. sper. 17, 675 (1942); Alii reale accad. Italia. Rend, 
classe sci.fis. mat. e nat. 4, 424 (1943). 

E. Freudenberg, Z. Kinderheilk. 46, 170 (1928). 

•• W. von Pantschenko-Jurewicz and H. Kraut, Biochem. Z. 286, 407 (1936). 

B. N. Ghosh, Ann. Biochem. and Exptl. Med. India 2,233 (1942). 

^3. Mosters, Klin. Wochschr. 16, 1667 (1936). 

•• W. Krtlger, Klin. Wochschr. 18, 19 (1939). 

** D. Mihklin and O. Ya. Borodina, Compt. rend. acad. sci. U.R.8.8. 81,921 (1941)« 
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not be disregarded; but the conclusions of Pantschenko-Jurewicz and 
Kraut are too far-reaching, as has been pointed out. Kraut and Weischer^®® 
in a later publication no longer supported this concept. Bersin et 
concluded that their experiments with animals poisoned with silver indi¬ 
cate a connection between ascorbic acid and the esterase. The poisoning 
leads to a C-hypovitaminosis and a simultaneous drop of the esterase value 
is observed. In this connection, the methylbutyrate-hydrolyzing action of 
clupein ascorbinate, though slight, should be brought to mind.*®^ (Con¬ 
cerning the so-called lipase activator cf. p. 397.) 

The characteristic action of thiols on certain enzymes suggests the de¬ 
sirability of an investigation of compounds with SH groups on esterases 
as well. Raabe'®® has been able to show that there are relations of the 
esterase to glutathione. In rabbits the administration of glutathione caused 
a pronounced increase in liver esterase, as shown by liver test sections. 
According to Singer,the inhibitory effect of SH reagents increases with 
decreasing dissociation constant of the ester-esterase complex (tributyrin, 
tripropionin, and wheat lipase). Pancreatic lipase has likewise been shown 
to require the presence of SH groups in the activating protein. 

Affinity and hydrolysis constants according to Michaelis and Men ten, 
which have been repeatedly determined with ester-esterase complexes (cf. 
also stereochemical specificity), have been reported by Sobotka and Click^®^ 
and more recently by Sch0nheyder and Volqvartz.^®® 

The effect of temperature on lipase or esterase activity has recently been 
determined by Schwartz*®^ and Sizer.^®® 

Esterase units. The establishment of an exactly defined enzyme unit is 
of importance for the control of the progress of purification of enzyme 
preparations and also for a whole series of quantitative questions. A few 
of the proposed definitions of esterase units are presented at this point. 

According to Willstatter et aZ,,® the “lipase unit’' is the amount of lipase 
that in 1 hour at 30®C. splits 24% of 2.5 g. of olive oil with a saponification 
number of 185.5 if it is present in a volume of 13 ml. containing 2 ml. of 

H. Kraut and X. Weischer, Biochem, Z. 306, 94 (1940); Cf. also the reviews of 
D. Glick, Ann. Rev. Biochem. 11, 51 (1942) and H. Tauber, Ann. Rev. Biochem. 10, 
47 (1941), as well as the experiments of C. J. Harrer and C. G. King, J. Biol. Chem. 
138, 111 (1941) and of A. Ruffo, Ricerca sci. 13,608 (1942). 

Th. Bersin, S. Raabe, and H. J. Lauber, Klin. Wockschr. 17, 1014 (1938). 

K. Felix and A. Mager, Z. physiol. Chem. 249, 111 (1937); ibid. 249, 126 (1937). 

S. Raabe, Biochem. Z. 299, 141 (1938). 

Th. P. Singer, J. Biol. Chem. 174, 11 (1948); Th. P. Singer and E. S. G. Barron, 
ibid. 167,241 (1945). 

H. Sobotka and D. Glick, J. Biol. Chem. 106, 199 (1934); see also: R. Ammon, 
in Nord-Weidenhagen, Handbuch derEnzymologie. Akademische Verlagsgesellschaft, 
Leipzig 1940 p 375 table 4 

*®® F. Sch0iiheyder and K. Volqvartz, Acta Physiol. Scand. 7, 376 (1944); Emymo' 
logia 11, 178 (1943-1946); Ac<o Physiol. Scand. 9, 57 (1946). 

*®^ B. Schwartz, J. Oen. Physiol. 27, 113(1943). 

I. W, Sizer, Advances tn Ewymol. 8, 36 (1943). 
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NH|—NH4CI buffer at pH 8.9 and 10 mg. CaCU and 15 mg. albumin as 
activators. A “butyrase unit,** measured on the basis of the hydrolysis of 
tributyrin, has been defined by Willstatter and Memmen'®* as the amount 
of enzyme which at pH 8.6 causes a 20-drop diminution of the number of 
drops of a saturated solution of tributyrin in 50 minutes in a stalagmometer. 
Finally, an “esterase unit** is the amount of enzyme, measured by its 
hydrolytic action on methylbutyrate, which at pH 8.9 splits 25% of the 
ester in 60 minutes. Triacetin may also be used for the hydrolysis. How¬ 
ever, the determination of esterase units with triacetin has the severe dis¬ 
advantage that the enzyme is inactivated too rapidly. The lipase valve 
consists of the number of lipase units in 0.01 g. substance.^'® 

c. Specificity 

Considerations of specificity may well be prefaced by the observation 
that the nonsusceptibility of an ester to hydrolysis should not always be 
interpreted to mean that the substrate and the enzyme have nothing to do 
with each other. It may well be that the affinity of the esterase for the sub¬ 
strate is appreciable but that the intermediate reaction product breaks 
down so slowly that the ester practically cannot be hydrolyzed at all. 
Conversely, a reaction which at first glance indicates good enzymatic 
catalysis need not always be a sign of a particularly high affinity of the 
enzyme for the substrate. Certain activators may be present in the solu¬ 
tion and their removal may bring about less favorable kinetic con- 
ditions.^^^ 

Among the substrates of the lipases and common esterases, a few esters 
deserve special mention because they are employed as standard substrates 
for following and measuring esterase activity. The esters which are in¬ 
volved are those of butyric acid, as methyl- and ethylbutyrate and tri- 
butyrin. Among the natural fats, olive, castor, almond, cotton, soya, lin¬ 
seed, and coconut oils are used most frequently for the determination of 
lipase activity. The characteristic relative specificity may be discussed in 
connection with this listing of the esters and fats. The esterases which 
preferentially split the butyric acid esters and which exhibit little activity 
towards the fats, are the esterases proper, as present in liver. On the other 
hand, pancreas contains a lipase which has a pronounced activity for the 
fats and only slight activity for the simple esters. Richter and Croft“’ 
proposed the name of “aliesterases** for those esterases which hydrolyze 
simple aliphatic esters and glycerides. 

Mention may be made of some of the more recent hydrolysis experi- 

R. WillsUtter and F. Memmen, Z. physiol. Chem. 129, 1 (1923). 

R. WilUt&tter and F. Memmen, Z. physiol. Chem. 188, 216 (1924). 

See experiments by P. Rona, £. Chain, and R. Ammon, Bioehem. Z. 247, 113 
(1932). 

n* D. Richter and P. G. Croft, Bioehem. J. 86,746 (1942). 
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ments^” with a series of esters, with both the alcohol and acid residues 
being determinants of the specificity relationships. It has been established 
that the hydrolyzability of glycerides by lipase increases with the number 
of fatty acid residues on the glyceride and with the chain length of the 
fatty acids. Unsaturated fatty acids of greater chain length increase the 
hydrolyzability of the glyceride.*** Tofte*** in his experiments determined 
the hydrolyzability and perhaps also the utilization of whale and soya oils 
of very different degrees of hardness by pancreatic lipases; the higher the 
degree of hardness of an oil, the more slowly it was hydrolyzed. Leubner*** 
also found that the lipase of duodenal juice saponified triolein about ten 
times more rapidly than tristearin. Ono**’' who employed a great variety 



Hours 

Fiq. 1 . Hydrolysis of various esters of stearic acid by pancreatic lipase (A. K. 
Balls and M. B. Matlack, J. Biol. Chem. ISS, 679, 1938). 

of fats and fatty acid esters as substrates, also established, among other 
hndinp, that unsaturated glycerides are more rapidly hydrolyzed. Balls 
and Matlack*** investigated the hydrolysis of stearic acid esters by pan¬ 
creatic lipase; the various alcohols caused appreciable differences in the 

**’ Concerning the older data, cf. C. Oppenheimer, Die Fermente und ihre Wirk- 
ungen. 5th ed., Qeorg Thieme, Leipzig, 1925, and Supplement 1, 1935; also the new 
reviews F. O. Breusoh, Advancei tn Entymol. 8 , 406 U94S) and A. M. Wynne, Ann. 
Rt». Biochem. 16,35 (1946). 

*•* F. Sch0nheyder and K. Volqvartz, Emymologia 11,178 (1943-1945). 

**• F. Tofte, Biochem. Z. 272, 308 (1934). 

“* H. Leubner, Dent. Z. Verdauungi- u. Stoffwecheelkrankh. 1, 155 (1938-1939). 

T. Ono, /. Agr. Chem. Soc. Japan. 16,43 (1940); ibid. 17,199 (1941). 

*** A. K. Balls and M. B. Matlaok, J. Biol. Chem. 123,679 (1938). 
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hydrolysis. Figure 1 reproduces these experiments. It m&y cle&rly^ be 
seen how well e.g., benzylstearate is hydrolyzed; it is even more susceptible 
than tristearin; the cholesterol ester, on the other hand, is not saponified 
at all. When a triglyceride, such as triolein, is used, the hydrolysis may 
yield changing final products, e.g., glycerol, monoglyceride, and diglyceride, 
depending on the conditions of the experiment (pH, presence and absence 
of Ca salts). 

The hydrolysis of common esters by esterases proper has also been in¬ 
vestigated often and from the most different points of view. Lactic acid 
esters and mandelic acid esters, e.g., are among the hydroxy acids that 
are hydrolyzed well, as will be discussed in the section on stereochemical 
specificity. 

Among the esterified keto acids, benzoylacetic acid ester is hydrolyzed 
very rapidly.^^ Concerning benzoylformic acid ester, cf. p. 406 in the section 
on induction. Only one alcohol residue is generally hydrolyzed off from 
esters of dibasic acids. Accordingly, the esters of oxalic, succinic, phthalic, 
and fumaric acids are not considered to be hydrolyzable.*** Among the 
higher members of this series, however, the diesters as well as the mono¬ 
esters (adipic acid diethyl and monoethyl ester) are saponified. But Bamann 
and Rendlen*** were able to show that the acid esters of lower members of 
the series of dibasic acids, e.g. succinic and malonic acids, may also be split. 
Hydrolysis takes place only if the pH of the reaction medium is changed to 
approximately 5.0. These experiments and findings on the possibility of 
hydrolyzing ester anhydrides and lactides support the concept formulated 
already by Bamann, Schweizer, and Schmeller that “the capacity of the 
ester group of a substrate to combine with the enzyme is decisively influ¬ 
enced by the electrochemical character of the neighboring group.’* 

It is questionable whether cetyl alcohol esterified with higher fatty 
acids, as found in waxes, causes a special specificity so that the existence 
of a “cerase” must be assumed. It is true that cerase effects are known. 
Pertzoff*** believed that he possessed evidence for a wax-hydrolyzing 
enz 3 mie in wax moth larvae. However, the experimental work in this study 
presents appreciable difficulties that greatly complicate or even make im¬ 
possible an interpretation of such data. Kraut el aiy^ were able to show in 

*** P. Desnuelle, M. Naudet and J. Rouzier, Biochim. et Biophys. Acta 2, 561 
(1948); A. C. Frazer, and H. G. Sammons, Biochem. J. 39, 122 (1945). 

E. Bamann and M. Schmeller, Z. physiol. Chem. 188, 251 G930). 

J. H. Kastle, Am. Chem. J. 481 (1902); A. A. Christman and H. B. Lewis, 
J. Biol Chem. 47, 495 (1921) ; D. A. McGinty and H. B. Lewis, ibid. 67, 567 (1926); 
A. Lourteig and C. E. Cardini, Anales farm, y hioquim. Buenos Aires 18, 59 (1947); 
ibid. 18, 54 (1947). 

E. Bamann and E. Rendlen, Z. physiol. Chem. 288,133 (1936). 

«»V. Pertzoff, Compt. rend. 187, 253 (1928). 

H. Kraut, H. Burger and W. von Pantschenko-Jurewioc, Biochem. Z. 289, 206 
(1934). 
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their investigations that the hydrolysis of wax which had been described is 
to be explained by the incompleteness of the methods which had been em¬ 
ployed. They further established in their own experiments that larval 
extracts prepared by different methods exhibited a high activity towards 
tributyrin and methylbutyrate but no ceratic activity. However, the exist¬ 
ence of a cerase need not be unconditionally denied on the basis of these 
experiments even if positive proof has not been provided for the enzymes 
as pointed out by Kraut and collaborators. The natural activator of the 
enzyme may not have been carried over into the extracts, or perhaps 
“cerase’’ belongs to the desmoenzymes, i.e., it may be bound so tightly 
to insoluble protoplasmic components that it cannot be brought into solu¬ 
tion by the extraction procedures. 

More convincing proof of a ceratic activity has been obtained, however, 
in wax synthesis. Rona et al}^^ carried out the first experiments of this 
type. Under the conditions which were chosen, synthesis amounting to 
19% was found after 5 hours. Fabisch'^® went a step further. He not only 
showed that cetyl alcohol is esterified with higher fatty acids in aqueous 
emulsions in the presence of sodium oleate and desoxycholate by ammoni- 
acal extracts of hog pancreas but was also able to isolate the cetyl palmitate 
which was formed and to identify it chemically. 

In connection with specificity considerations mentioned above, the find¬ 
ings of Bamann and collaborators*^ and of Steensholt*^® may now be men¬ 
tioned. The behavior of esterases toward lactones, which may be considered 
as inner esters, was investigated. Such compounds, e.g., the lactones of 
7 -hydroxy butyric acid and of 7 -hydroxy valeric acid, coumarin and san¬ 
tonin, are not hydrolyzed; if they are added to samples ot butyric acid 
methyl ester, they inhibit the hydrolysis of the latter to a considerable 
degree. It may be concluded from these findings that the esterases com¬ 
bine with the lactones to form complexes. A different situation obtains 
with certain lactides and esterlike anhydrides. According to Bamann and 
Schmeller,^*^ who studied the lactides of lactic and glycolic acids, diphenyl- 
glycolide, benzilide, tetrasalicylide, and polysalicylide, only the first two, 
and only lactic acid lactide to a significant degree, are hydrolyzed en¬ 
zymatically. The other compounds, as well as lactyllactic acid, acetyl- 
salicylic acid, and salicylosalicylic acid, are totally unaffected. In these 
instances, the failure to be hydrolyzed is due to a poor affinity of the tissue 
lipases for these compounds. Urethans, which may be considered as esters 
of carbamic acid, again exhibit a different behavior towards esterases: 

P. Rona, R. Ammon and H. Fischgold, Biochem. Z. 241, 460 (1931). 

W. Fabisch, Biochem. Z. 259,420 (1933). 

E. Bamann and M. Schmeller, Z. physiol. Chem. 194, 14 (1931); E. Bamann, 
E. Schweiser, and M. Schmeller, ibid. 222, 121 (1933). 

O. Steensholt, Acta Physiol. Scand. 5,71 (1943). 
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they are split not at all or only very slowly, but they possess a very much 
greater affinity for the enz 3 mie than does tributyrin.^*® 

In this connection, mention should be made of the so-called induction 
effect. Willst&tter and collaborators^®® and later Bamann*®^ observed that 
esterases at first hydrolyze mandelic acid ethyl ester at a very slow rate; 
normal hydrolysis only sets in after a certain time (cf. Fig. 2). The reason 
for this finding is a slight admixture of benzoylformic acid ester which 



Fio. 2. Induction effect of benzoylformic acid ester in the hydrolysis of mandelic 
acid ethyl ester by various esterases (E. Bamann and M. Schmeller, Z, physiol. Chem. 
188, 251, 1930). 

Each sample contained 500 mg. of mandelic acid ethyl ester and approximately 
5 mg. of benzoylformic acid ester in 100 cc. 

I and II—Experiments with two different human liver esterase preparations. 

Ill to VII—Experiments with the liver esterase of horse (III), dog (IV), rabbit 
(V), sheep (VI), and hog (VII). 

has 5000 times as high an affinity for the enzyme as mandelic acid ethyl 
ester and which has a very low rate of decomposition. The hydrolyzing 
enzyme is therefore occupied by the ester until the very slow hydrolysis 
of the latter is complete. Only then can the saponification of ethylmandelate 
take place. A highly purified mandelic acid ethyl ester is “induction-free.” 

£. Stedmivn and E. Stedman, Biochem. J. 86, 1147 (1931). 

R. WillsUtter, R. Kuhn, O. Lind, and F. Memmen, Z. physiol. Chem* 167, 
303 (1927). 

£. Bamann and M. Schmeller Z. physiol. Chem, 188,251 (1930). 
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There is no doubt that many observations on the hydrolyzability of 
substrates by or non-susceptibility to esterases should be thoroughly 
checked from these points of view before statements on the specificity 
relationships may safely be made. 

Concerning specificity in the synthetic direction, cf. p. 416 j concerning 
stereochemical and cis-trans specificity in the hydrolysis and synthesis of 
esters by esterases, cf. p. 410. 

d. Synthetic Activity 

The first reports on the synthetic activity of the esterases were by Kastle 
and Loevenhart®° and Mohr^*^ at the turn of the century. In these studies, 
the fact that an ester, ethyl butyrate, was formed, was proved by its 
characteristic fruitlike odor. In later investigations, isolation of triolein^*^ 
was used to give direct proof of the synthesis of esters by pancreas powder; 
it could be shown that plant esterases also were capable of forming and 
hydrolyzing triolein.^*^ Hamsik^^^ investigated the synthetic activity of a 
series of dry tissue powders from various animals and found that when 
amyl alcohol or glycerol was used with oleic acid, esterification was pro¬ 
moted particularly by the enzymes derived from pancreas, liver, lung, 
and intestinal mucosa. 

The first study on the equilibria established in hydrolysis and synthesis 
was reported in 1908. Bodenstein and Dietz^^ investigated the formation 
and hydrolysis of isoamylbutyric acid ester, with the aid of titrimetric 
determinations of the formation or disappearance of butyric acid as a 
measure of esterase activity. Rona and Ammon'* more recently studied 
these equilibria with a more uniform ester, namely, n-butyl-n-butyrate, 
under otherwise similar conditions and with the use of hog pancreas dry 
powder. Figure 3 indicates clearly how the equilibrium, catalyzed from 
both sides, is established. 

Rona'* attempted to set up activity-P, curves also for the process of 
enzymatic synthesis by means of suitable examples. Just as the concentra¬ 
tion of water may be considered constant in hydrolysis, so the amount of 
alcohol may be assumed to remain constant in synthetic experiments in 
view of the large excess and the rate of synthesis may be graphically repre¬ 
sented as a function of the amount of acid. In studying the synthetic 
activity of an esterase, a similar dependence on substrate concentration 
and on decomposition of the complex is encountered as in studying hy¬ 
drolysis. An jS-shaped curve was indeed obtained, but it did not represent 
a typical activity-P, curve according to Michaelis and Menten. Rona, 
Ammon, and Fischgold further investigated the enzymatic esterification 

O. Mohr, Wochichr. Brau. 19, 688 (1902). 

H. Pottevin, CompL rend, 136, 767 (1903); Bull. aoe. chim. Pane 85,693 (1906). 

Y. W. Jalander. Biochem. Z. 36, 435 (1911); S. Iwanow, Ber. deut. boian. Gee. 
29, 595 (1911). 

A. Hamsik, Z. phyeiol. Ckem. 90, 489 (1914). 
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of the geometrically isomeric oleic and elaidic acids with n-butyl alcohol. 
In as far as the curves permitted an evaluation of the affinity relationships, 
it could be shown that the enzyme has about the same affinity for both 
acids but that the rate of decomposition of the enzyme-elaidic acid-alcohol 
complex is considerably higher than that of the corresponding oleic acid 
complex. 

The use of esterase preparations provides an extremely valuable tool 
for the synthesis of esters of the most varied composition. Preparative and 
technological chemistry may perhaps draw practical conclusions from this 
fact. Rona and Miihlbock^®* investigated specificity relationships in numer¬ 
ous experiments on differences in the rate of esterification by hog liver 



Fiq. 3. Formation and hydrolysis of n-butyl butyrate by hog pancreas powder 
(P. Rona and R. Ammon, Biochem. Z, 249, 446, 1932). 

and pancreas powders with regard to the constitution of the alcohol and 
acid. It appears that pancreatic esterase, acting more like a lipase, forms 
esters of true fatty acids more efficiently than the liver enzyme, which 
exhibits a greater facility in esterifying short-chain fatty acids. Ac¬ 
cording to Nyrek,'®^ cyclic alcohols like cyclohexanol are also esterified 
with butyric acid. On the other hand, glucose and also the amino acids 
proved to be refractory to enzymatic esterification. 

The described syntheses take place in systems that differ radically from 
physiological conditions. Sym‘” found benzene to be a particularly suitable 
solvent for the water-insoluble alcohols and fatty acids. Rona, Ammon, 
and Fischgold similarly carried out the synthesis of waxes with the aid of 
pancreas dry powder in a mixture of ether and acetone that contained 

Rona and O. Mtihlbock, Biochem. Z. 228 , 130 (1930). 

S. Nyrek, Ada Biol. Exptl. Warsaw 14 , 167 (1947); C.A. 42 , 8844d (1948). 

£. A. Sym, Biochem. J. 80, 609 (1936). 
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dissolved palmitic acid and cetyl alcohol.^’’ It was, therefore, a great step 
forward when Fabisch^" carried out S3mthese8 by means of esterases under 
conditions approaching physiological ones. He showed that the formation 
of stearic acid amyl ester by ammoniacal extracts of pancreas powders 
can proceed quite well in aqueous solutions; however, certain emulsifying 
agents like sodium oleate or sodium desoxycholate must be added for this 
purpose. The synthetic and hydrolytic activity of the esterase may also 
be demonstrated in fresh tissue breis of the livers of rabbits, guinea pigs, 
and rats.^^' 

Itoh^** described an activator •which regulated the hydrolytic as well 
as the synthetic action of an esterase. According to his data, castor beans 
contain a substance, the ''lipase-activator,’’ which represents a t5rpe of 
redox system and which in its reduced form activates the hydrolysis and 
inhibits the synthesis mediated by castor bean lipase. The oxidized form, 
conversely, acts as activator of synthesis and inhibitor of hydrolysis. 
Cedrangolo'^ also studied the conditions for enzymatic synthesis and 
hydrolysis of esters and determined the influence of a number of added 
compounds. In a later publication,*^* this author disagreed with the asser¬ 
tion that oxidation favors the S 5 rnthetic action of the esterases. 

A peculiar phenomenon was observed by Rona et If the same car- 
binol with the general formula CeHt-CHOH^R was prepared once by the 
Grignard method and another time by reduction of the corresponding 
ketone and then used as a substrate, fundamental differences appeared 
in the kinetics of the synthesis of the butyric acid ester by hog pancreas 
powder, although the substrates were apparently identical and differed 
solely in their method of preparation. The carbinol synthesized by reduc¬ 
tion was esterified with butyric acid only to a small extent while the car¬ 
binol obtained according to Grignard was esterified very readily. The 
following explanations for this unusual finding may be considered. The 
carbinols prepared by the Grignard method may be particularly pure and 
therefore particularly easily esterified; the carbinols obtained from ketones 
may contain a contaminant formed during the preparation which inhibits 
ester synthesis; finally, it may be postulated that the carbinols obtained 
by reduction are particularly pure and exactly for this reason fail to be 
esterified because an activator is lacking which is present in the carbinols 
prepared according to Grignard. 

*•• see also: E. A. Sym, Biochem. Z, 230,19 (1931). 

**• W. Fabisch, Biochem, Z, 269, 420 (1933). 

*« E. S. El Vashkevich, Biochem. J. Ukraine 17, 271 (1941); C.A. 89, 5258* (1945). 

*** R. Itoh, J. Biochem. Japan 28,299 (1936). 

**• F. Cedrangolo, Enzymologia 6,1 (193M939). 

*** F. Cedrangolo, Aiti reale accad. Italia. Rend, classe eci. fie. mat. e nat. 2, 78 
(1941). 

*** P. Kona, E. Chain, and K. Ammon, Biochem. Z. 247,113 (1932). 
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In the paper by Bach and Lovas,^^® evidence was presented for a de¬ 
pendence of the esterase activity of hog pancreas powder, in the direction 
of synthesis as well as of hydrolysis, on the nutrition of the animal. The 
pancreas powders derived from fat hogs exhibited a considerably higher 
enzymatic activity than those derived from lean animals. This finding may 
be of importance for the industrial preparation of pancreas powders. 

Concerning the stereochemical specificity of the esterases in their syn¬ 
thetic capacity, cf. p. 416. 

6. Stereochemical and cis-trans Specificity 

Stereochemical specificity of the hydrolytic action. The schools of Will- 
statter and Rona carried out detailed investigations on the stereochemical 
relationships of the esterases; Bamann in Munich and Ammon in Berlin, 
with their collaborators, particularly continued along the lines suggested 
by their teachers and brought the extensive studies on the configuration 
specificity of the esterases to a certain conclusion.^^^ 

This development was introduced by the following findings. The fir^t 
observation ot a stereochemical specificity was made by Dakin*^® in 1903. 
This investigator found that if the hydrolysis of racemic mandelic acid 
esters by hog liver esterase was stopped before 100% saponification had 
taken place, and if the acid formed by the enzyme was isolated and tested 
for optical rotation, then it was seen that the acid was dextrorotatory. 
Hog liver esterase, therefore, preferred the dextrorotatory ester when al¬ 
lowed to act on the DL-form. If, however, the DL-ester of phenylchloracetic 
acid was used, it became apparent that the same enzyme hydrolyzed the 
levorotatory form more rapidly. Dakin’s fundamental contribution was 
given due attention again only twenty years later when the school of 
Willstatter taught the preparation of purer enzyme samples. Esterases of 
the most varied origin were tested for their optical selectivity with the 
aid of such enzyme solutions. Table II summarizes a few of these ex¬ 
periments designed to prove a stereochemical specificity of esterases of dif¬ 
ferent origin. 

The most striking result is the pronounced difference between hog pan¬ 
creas and hog liver esterase in the hydrolysis of mandelic acid esters. 
This finding is of particular importance because Willstatter and Memmen, 
using the pure optically active forms of mandelic acid ester, found at first 
that hog pancreas esterase saponifies the levorotatory ester more rapidly 

E. Bach and L. Lovas, Biochem, Z. 245, 345 (1932). 

147 Detailed literature surveys are provided by P. Rona and R. Ammon, Ergeb. 
Emymforseh.2f 50 (1933); R. Ammon, in Nord-Weidenhagen, Handbuch der Enzy- 
mologie. Akademische Verlagsgesellschaft/Becker & Erler Kom.-Ges., Leipzig, 
1940, especially p. 370; E. Bamann und R. Ammon, in Bamann-Myrback, Die Meth- 
oden der Fermentforschung. Georg Thieme, I^ipzig, 1941, p. 1704. 

i4« H. D. Dakin, /. Physiol. London 80,253 (1904); ibid. 82,199 (1905); Proc. Chem. 
See. 19, 161 (1003). 
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than the dextrorotatory. But when Rona and Ammon'** investigated the 
behavior of hog liver esterase toward the pure optically active forms of 
mandelic acid ester, they also found that the levorotatory form was more 
rapidly hydrolyzed; this was, however, in direct contrast to the results 
obtained by hydrolyzing the racemate, which indicated that the dextro¬ 
rotatory ester was split more efficiently. This contradiction was cleared 
up by Willstatter et and by Weber and Ammon*“ after Weber*** had 
already suggested the explanation of the optical specificity of the liver 
esterase which was later confirmed experimentally. 

TABLE II 

Stereochemical SPECiFiaTT or the Esterases 


Origin of the esterases 


Substrate 

Hu- 

Hog 

Dog j 

Guin- 

Carp 

liver 

As- 

per- 

gillus 

oryzae 


pan¬ 

creas 

Pan¬ 

creas 

Liver 

Stom¬ 

ach 

stom¬ 

ach 

ea pig 
serum 

Mandelic acid methyl ester 

- 

- 

4* 



- 


+ 

Mandelic acid ethyl ester 

- 

- 

+ 

-f 

+ 


- 

+ 

Phenylchloracetic acid methyl 

i 

— 

— 


+ 



- 

ester 









Tropic acid methyl ester 


+ 

- 

+ 




- 

n-Butyric acid «cc-butyl 


— 

— 






ester 










The -- or -f* sign indicates the rotation of the more rapidly saponified component of the tested racemate. 


The two illustrations taken from the publication of Weber and Ammon 
represent these relationships by means of the activity-P, curves. The 
evaluation of these curves yielded the following data for the hydrolysis 
of mandelic acid ester by the liver enzyme: a comparison of the dissocia¬ 
tion constants of the enzyme-substrate complexes K(^) = 10~**^* and 
K(^) = * indicated that the affinity of the enzyme for the (+)-ester 

is seven times greater than that for the (—)-ester and that the ratio of 
the hydrolysis constants amounts to 1.75, i.e., that the (—)-ester 

complex decomposes 1.75 times faster than the (+)-e8ter complex. The 

P. Rona and R. Ammon, Biockem. Z, 181,49 (1927). 

11. WUlst&tter, R. Kuhn and E. Bamann, Rer. 61, 886 (1928). 

H. H. Weber and R. Ammon, Biochem. Z. 204, 197 (1929). 

see refr 149, p. 70. 
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affinity of pancreatic esterase, on the other hand, is the same for both 
optically active esters. The ratio of the hydrolysis constants of the two 
enzyme-substrate complexes is quite similar to that found with liver 
esterase; it amounts to 1.7, i.e., the (—)-ester complex decomposes 1.7 
times more rapidly than the (+)-ester complex. The contradictory result 
obtained in the enzymatic saponification of the DL-ester is now readily 
explained: In the racemate, the enzyme is largely removed from the 
(—)-ester because of the sevenfold higher affinity of the enzyme for the 
(+)-ester, and the complex with the (+)-ester decomposes more rapidly. 
If, on the other hand, the optically active esters are separately exposed to 
the enzyme, this competition for the enzyme does not take place and the 
rate of ester hydrolysis is determined solely by the more rapid decomposi¬ 
tion of the enzyme-( —)-ester complex. 



Fig, 4 Fio. 5 

Fiqs. 4 AND 5. Activity-P,-curve of the hydrolysis of mandelic acid ester modifica¬ 
tions by hog liver esterase (Fig. 4) and hog pancreatic esterase (Fig. 5). X-X 

(-l-)-e8ter, O-O (—)-e8ter (H. H. Weber and R. Ammon, Biockem. Z. 204, 197, 

1929). 

The optical selectivity of an enzyme is therefore the resultant of the 
joint action of the possibly different affinity of the esterases for the opti¬ 
cally active forms and the possibly different rates of decomposition of the 
complexes between the enzyme and the (-f)- and (—)-esters. 

A further important contribution to the understanding of the mechanism 
of action of enzymatic reactions was made by investigations which showed 
that the optical selectivity of an esterase can be influenced. This may take 
place in various ways. Bamann*** succeeded in changing the optical orienta¬ 
tion of human liver esterase, a particularly suitable enzyme for studies 
on this problem, by simply varying the concentration of substrate. At 
higher concentrations of DL-mandelic acid ester the enzyme prefers the 

>•* E. Banunn, Ber. 82, 1538 (1929). 
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(+)-form, at lower concentrations the (—)-form. An intermediate con¬ 
centration can therefore be found where a symmetrical hydrolysis of the 
racemic ester takes place'. This interesting phenomenon was further studied 
by Ammon and Geisler*^ with homologous mandelic acid esters (from 
methyl- to n-butylmandelate) and with one and the same enzyme prepara¬ 
tion under completely identical conditions. 

The finding of Bamann that the configuration specificity of human liver 
esterase depends on the original substrate concentration led Fischgold 
and Ammon'to submit the problem of the mass action law as the basis 
of the mechanism of action of enzymes to a critical analysis. Adsorptive 
relationships, which were mentioned by other investigators in a general 
manner as a possible basis for enzymatic reactions, readily suggested them¬ 
selves. In this connection, it became possible to interpret the reversal in 
the optical orientation of several esterases with increasing substrate con¬ 
centrations on the basis of such adsorptive relationships. First of all, model 
experiments on the simultaneous adsorption of acetone and acetic acid 
on animal charcoal indicated a similar course. Making use of data of 
Michaelis and Menten themselves, who found a -shift in the relative com¬ 
bination of glucose and saccharose with invertase with an increase of 
substrate concentration, it became possible to interpret the effect of sub¬ 
strate concentration on the stereochemical specificity of human liver 
esterase also as the distribution of two compounds, dependent on concen¬ 
tration, on the enzyme or adsorbent; in the instance under discussion, 
this involves the competition of the optical antipodes of the ester. The 
investigations of Schwab et which were also devoted to the problem 
of this influence of the substrate on the optical behavior of the enzyme, 
led to the following assumption of general importance: an enzyme may form 
with the (—)-ester two hydrolyzable complexes, FS(_) and F(S (_))2 and 
the decomposition of both of these complexes is strongly inhibited by the 
(+)-ester. The alcohol arising from the ester may also inhibit the decom¬ 
position by way of both complexes; nonhydrolyzable or slowly decom¬ 
posing complexes of FS( -) wdth alcohol are formed in the process. It may 
thus be possible to include the influence of the substrate into the overall 
interpretation by way of such different effects on the catal 3 rtically active 
group of the enzyme (cf. below). Bamann and Laeverenz'*^ have demon¬ 
strated that the ethanol formed by the hydrolysis of esters may exert an 
influence on the configuration sj^)ecificity. 

Bamann and Laeverenz"^* showed yet another w^ay of affecting the opti- 

R. Ammon and W. Geisler, Biochem. Z, 249,470 (1932). 

H. Fischgold and R. Ammon, Biochem. Z. 247,338 (1932). 

G. M. Schwab, E. Bamann, and P. Laeverenz, Z. physioL Chem, 216| 121 (1933), 

E. Bamann and P. Laeverenz, Ber. 64, 897 (1931). 

E. Bamann and P. Laeverenz, Ber, 63. 394 (1930), 
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cal selectivity of the esterases. This can be done by the addition of certain 
substances. If the hydrolysis of mandclic acid esters by human liver 
esterase is allowed to proceed in the presence of strychnine, a clear-cut 
change in the stereochemical specificity of the enzyme takes place. This 
finding, which is to be explained by the formation of intermediate reaction 
products with new properties, could also be interpreted experimentally in 
this way. Ammon and Fischgold^®® determined the affinity and hydrolysis 
constants of the complexes of the enzyme with the (-~)-and (+)-ester 
with and without the addition of strychnine and found that the alkaloid 
had no effect on the affinity of the enzyme for the antipodal forms of the 
ester but only accelerated the decomposition of the enz 3 rme-(—)-ester 
complex, as illustrated in Fig. 6. 



Fio. 6. Effect of strychnine on the stereochemical specificity of human liver ester¬ 
ase (R. Ammon and H. Fischgold, Biochem, Z. 234, 54, 1931). 

Another possibility of affecting the optical selectivity of an esterase, 
as studied by Bamann and Laeverenz'®®, consists of pretreatment of the 
enzyme preparations (human liver esterase). Heating the enzyme powder 
or preliminary autolysis of the tissue brei brings about changes in the 
enzyme complex so that the combination of the enzyme with the mandelic 
acid ester isomers may lead to enzyme-substrate complexes exhibiting 
new properties. 

On the other hand, Ammon and Geisler^®^ were unable to find any 

R. Ammon and H. Fischgold, Biochem. Z, 284, 64 (1931). 

E. Bamann and P. Laeverenz, Ber. 68, 2039( 1930). 

R. Ammon and W. Geisler, Arch. paih. Anat. Physiol. (Virchow's) 285,286 (1932). 
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changes in the optical selectivity of liver esterase preparations from patho¬ 
logical human livers and also from fetal livers, although the possibility 
cannot be discounted that the pathological changes which take place in 
the liver in certain diseases may affect the behavior of the esterases toward 
mandelic acid esters. 

A further possibility of affecting the configuration specificity of the 
esterases was found by Ammon and Tabor^®* in comparisons of human 
pancreatic esterase and human liver esterase. When both enzymes were 
allowed to act simultaneously on mandelic acid ethyl ester with varying 
substrate concentrations, it appeared as if essentially only the pancreatic 
enzyme were active, since the same optically specific hydrolysis took place 
despite variations in the substrate concentration. The effect of the liver 
enzyme became apparent only when an extract of pancreas powder dried 
at 120° was added to the ester solution. Bamann et al}^ were able to con¬ 
firm and extend the findings of Ammon and Tabor by exposing the racemic 
mandelic acid ester simultaneously to the ester-splitting principles of the 
pancreas and the liver. They were able to show that the pronounced 
decrease in the activity of the liver enzyme in the mixed experiment was 
due to inhibitors formed in the course of hydrolysis. This inhibition cor¬ 
responds on the one hand to changes in the composition of the substrate, 
on the other to the appearance of the hydrolytic product alcohol; only 
the liver enzyme responds to these factors. 

Finally, mention may be made of the investigations of Bamann and 
Feichtner*®^ who studied the stereochemical specificity of the liver esterase 
prepared according to Kraut and Pantschenko-Jurewicz^®® from liver es¬ 
terase pheron (apoenzyme) and pancreatic lipase agon (coenzyme). This 
“synthetically” prepared esterase theoretically should also exhibit the 
optical specificity of the natural esterase. But Bamann’s experiments show 
that this is not so. This investigator is of the opinion “that the type of 
anchoring of the active group to the protein in each case is of decisive 
importance. Only then does it appear probable that the stereochemical 
preference of the synthetic esterase is different from that of the natural 
enzyme.” 

Numerous proofs for the optical selectivity of the esterases were obtained 
in rapid succession; in these studies it made no difference whether the 
asymmetric carbon atom was in the alcohol or in the acid component of 
the ester. The same is true for the synthetic activity of these enzymes which 
has been studied by Rona and Ammon since 1930 and which will be further 
discussed below. 

R. Ammon and E. Tabor, Biochem, Z, 267, 26 (1933). 

*•* E. Bamann, C. Feichtner, and W. Salzer, Biochem. Z. 288, 310 (1936). 

E. Bamann and C. Feichtner, Biochem. Z. 288, 70 (1936). 

H. Kraut and W. von Pantschenko-Jurewicz, Biochem. Z. 276, 114 (1935). 
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Stereochemical specificity of the synthetic action, A stereochemical speci¬ 
ficity could be shown to exist also in the synthetic action of the esterases. 
Rona and Ammon'®® were the first to investigate the formation of lactic 
acid esters by pancreas dry powder, and it could be shown that in this 
instance too an asymmetric synthesis took place. Table III summarizes 
the results obtained so far on synthesis with very different racemic sub¬ 
strates. 

Rona et studied the hydrolysis as well as the synthesis of sec- 
butylbutyrate. As indicated in Table III, the same optical isomer is also 
hydrolyzeci more rapidly. Rona et aZ.'®® '®® further attempted to synthesize 
esters of mandelic acid, which are in part hydrolyzed by the esterases in a 


TABLE III 

Rotation of the More Rapidly Formed Ester Modification 



Origin of the esterase 

Substrate 

— 




Hog 

Human 

Hog ^ 


pancreas 

liver 

liver 

D,L-Lactic acid and isoamyl alcohol 




D,L-««c-Butyl alcohol and n-butyric acid 

- 



D,L-Methylphenylcarbinol and n-butyric 

H- 



acid 




D,L-Ethylphenylcarbinol and n-butyric acid 

+ 



D, L-Propylphenylcarbinol and n-butyric 




acid 




D, L-Butylphenylcarbinol and n-butyric acid 

-f 



D,L-Mandelic acid and n-butyl alcohol 

± 

± 

± 

D,L-Mandelic acid and D,L-ethylphenyl- 


±*+‘ 


carbinol 





* Amyl eBter of i/*(+)-lactic add. 

^ Poiarimetric result for esterification of mandelic add. 

« Poiarimetric result for esterification of ethylphenylcarbinol. 


very characteristic manner. Evidence of synthesis was indeed obtained, 
but the formation of mandelic acid esters was always asymmetric. Finally, 
if DL-mandelic acid as well as a racemic alcohol were used for the synthesis, 
as also shown in Table III, only the alcohol and not mandelic acid was 
esterified asymmetrically. 

Rona and Chain'^® investigated the optical orientation in the synthesis 
of a series of related alcohols and acids. It was observed that the direction 

P. Rona and R. Ammon, Biochem. Z. 211 ,34 (1930). 

P. Rona, R. Ammon, and M. Werner, Biochem. Z. 221, 381 (1930). 

P. Rona, R. Ammon, and H. A. Oelkers, Biochem, Z. 231,59 (1931). 

*** P. Rona, R. Ammon, and H. I. Trurnit, Biochem. Z. 247,100 (1932). 

P. Rona and £. Chain, Biochem. Z. 268, 480 (1933). 
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of rotation of the more rapidly formed component tended sometimes to¬ 
wards the positive, sometimes towards the negative side: 


a-chlorpropionic 

acid 

(-) 

vinylamylcarbinol 

(-) 

^-phenylpropionic 

acid 

(-) 

ethylamylcarbinol 

(+) 

phenylchloracetic 

acid 

(±) 

ethyl-n-propylcarbinol 

(+) 

a-hydroxybutyric 

acid 

(-) 

methylisopropylcarbinol 

(-) 

/J-hydroxybutyric 

acid 

(-) 

propylisopropylcarbinol 

(-) 


This change in the direction of rotation is particularly striking in the 
case of the structurally similar aliphatic carbinols. It could be shown for 
the secondary carbinols that the enzyme has a strict configuration speci¬ 
ficity; it always prefers the component of the same steric configuration, 
regardless of the direction of rotation. The optical selection by the enzyme 
corresponds exactly to the steric coordination which was given by Levene 
and Marker^^^ for homologous series of secondary carbinols on theoretical 
grounds. It is of interest to note among the tests of acids that phenyl- 
chloracetic acid, which has a similar configuration as mandelic acid, is 
also esterified symmetrically although the hydrolysis proceeds asym¬ 
metrically. 

cis4rans Specificity. Using suitable geometrically isomeric acids or esters, 
it was possible to demonstrate that esterases also possess cis-trans 
specificity. 

Fabisch'^^ was the first to investigate the specificity relationships in 
ester formation by esterases, particularly by the enzyme of hog pancreas; 
he used the three pairs of acids fumaric and maleic, oleic and elaidic, erucic 
and brassidic acids. A comparison of fumaric and maleic acids (C 4 -acids) 
showed that the cis-form (maleic acid) is esterified approximately twice 
as rapidly (with the simple alcohols Ci to Ce) as the trans-form. With oleic 
and elaidic acids (Cig-acids), only a slight difference in the rate of esterifica¬ 
tion was observed, and again the m-form (oleic acid) was favored. No 
difference could be established among the third pair of acids (C 22 "acids). 
Apparently, there is a dependence of specificity on the length of the carbon 
chain. 

Rona ci attempted to characterize the formation of n-butyl oleic 
or elaidic acid ester with hog pancreas dry powder more exactly according 
to the concept of Michaelis and Menten. In as far as the experimentally 
obtained curves (which are widely different from the ideal curves of Mi¬ 
chaelis and Menten) allow a conclusion to be made, it may be stated that 
the enzyme exhibits approximately the same affinity for both geometrical 
isomers of the acids. On the other hand, the rate of decomposition of the 

P. A. Levene and R. E. Marker, J. Biol. Chem. 97,379 (1932). 

W. Fabisch, Biochem. Z. 884,84 (1931). 
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enz 3 rme-elaidic acid-alcohol complex (^rana-form) appears to be greater 
than that of the corresponding oleic acid complex. 

Steensholt'^® investigated the hydrolysis of the ethyl esters of fumaric 
and maleic acids as well as of oleic and elaidic acids by liver esterase. It 
was found that the rate of hydrolysis of ethyl fumarate (/rans-form) was 
considerably greater than that of ethyl maleate. On the other hand, no 
difference in the rate of splitting could be demonstrated for the other pair 
of esters. 

Asymmetric splitting of amino acid esters. In conclusion, mention may 
be made of the highly interesting observation of Brenner et aiy^^ who 
encountered an unexpected esterase effect of crystallized chymotrypsin and 
trypsin preparations: DL-phenylalanine and DL-tryptophan methyl esters 
were saponified asymmetrically. If it could be shown that this effect was 
not caused by an esterase impurity contaminating these crystalline protea¬ 
ses, then a group nonspecificity with simultaneous maintenance of the 
stereochemical specificity could be considered to have been established. 

/. Occurrence and Special Properties of the Esterases and Lipases in the 
Plant and Animal Kingdom 

A strict separation between esterases and lipases is not possible since 
only relative specificity is present. The differences between the two groups 
of enzymes are qualitative. One enzyme behaves more like a lipase, i.e., 
it hydrolyzes fats better and common esters not as well; another exhibits 
the properties of an esterase proper, i.e., it splits common esters more 
easily than typical fats. For example, pancreatic esterase is a typical lipase, 
whereas the enzyme found in liver is an esterase. The difference between 
the two enzymes is clearly indicated by the experiments of Willstatter 
and Memmen.^^ If the esterase activities of hog liver and hog pancreas 
powders are compared with olive oil, tributyrin, and methylbutyrate as 
the substrates, then 1 g. pancreas powder corresponds to the activity of 
10,600 g. liver powder in the hydrolysis of olive oil, to the activity of 100 g. 
liver powder in hydrolysis of tributyrin, and to the activity of 0.4 g. in 
hydrolysis of methylbutyrate. Although the differences are not always 
so pronounced, these figures clearly indicate the lipase or esterase nature 
of the two tissue esterases. When the synthetic actions of pancreas or liver 
preparations are studied, the lipase characteristics usually do not become 
important. However, such experiments are usually carried out under com¬ 
pletely different conditions (cf. p. 420). Among the plant lipases, such as 
castor bean lipase, the lipase nature predominates; plant lipases also 
catalyze the saponification of common esters, but only to a very slight 
extent. In view of their occurrence, a subdivision of the field into plant 
and animal esterases appears practical. 

Q. Steensholt, Acta Physiol. Scand. 6,103 (1043). 

M. Brenner, £. Sailer, and V. Kocher, Helv. Chim. Acta Zip 1908 (1948). 
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Plaint esterases, phytolipases. The occurrence in plants of enzymes that 
hydrolyzed fats and that played an important role in plant metabolism 
and especially in germination^^^ was noted along time ago. Green‘d® carried 
out the first precise studies; one of his outstanding contributions was to 
call attention to the high lipase content of castor bean seeds. Connstein 
ei al.^'^ investigated the castor bean enzyme more in detail and reported 
the main data on its preparation and properties, including its activity in 
acid media and its particularly efficient hydrolytic action on fats. Will- 
statter and Waldschmidt-Leitz^^* carried these studies further with more 
modem techniques and were able to confirm many findings of the earlier 
investigators. The most striking property of castor bean lipase is its lack 
of solubility. Its preparation from seeds therefore requires different pro¬ 
cedures than those employed to obtain the soluble esterases, such as that 
from the pancreas. This insoluble enzyme must be prepared as a fat- and 
water-containing cream which represents an emulsion of the seeds; this 
method was also proposed by Hoyer.^^^ These preparations are difficult 
to purify, apparently because the colloidal system appertaining to the 
enzyme is changed by such treatments, and they are relatively unstable. 
The optimum pH of the castor bean enzyme lies between 4.7 and 5.0. 
However, this is tme only of the enzyme originally present in the seed; 
during germination, the esterase acquires the capacity to split fats near 
the neutral pH range. It has been possible to produce this change in ac¬ 
tivity artificially by the action of pepsin, so that it may be assumed that 
a similar development is caused by proteolytic enzymes during germina¬ 
tion. The new form of the enzyme was named germination- or blasto-lipase 
by Willstatter and Waldschmidt-Leitz, while the lipase originally present 
in the seed was called spermatolipase. These two enzymes differ not only 
in their pH optimum but also in stability; blastolipase is much more stable 
during drying and defatting than spermatolipase. Yang and Hsu^®® studied 
the effect of a whole series of salts (effect of anions and cations) on the 
activity of castor bean lipase. The hydrolyzability of various fats by this 
enzyme in comparison to pancreatic lipase was investigated by Ahmad 
and Bahl.*®‘ 

Nicolai'^ also described a blastolipase in germinating pine seeds; accord¬ 
ing to Sandberg and Brand,the lipase of raw papain also resembles a 

Recent reviews of phytolipases: H. E. Longenecker, in Anderson, Enzymes and 
Their Role in Wheat Technology. Interscience Publishers, New York, 1946, p. 127; 
B. Sullivan, ibid. p. 153. 

J. R. Green, Proe. Roy. Soc. London 48, 370 (1890). 

W. Connstein, E. Hoyer, and H. Wartenberg, Ber. 36, 3988 (1902). 

E. Waldschmidt-Leitz, Z. physiol. Chem. 134, 161 (1924). 

E. Hoyer, Z. physiol. Chem. 60, 414 (1906-1907). 

S. C. Yang and C. Hsu, J. Biol. Chem. 166, 137 (1944). 

B. Ahmad and A. N. Bahl, J. Set. Ind. Research India 6B, 1 (1946). 

H. W. Nicolai, Biochem. Z. 174 ,373 (1926). 

M. Sandberg and E. Brand, J. Biol. Chem. 64, 59 (1925). 
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blastolipase. No lipase could be found in resting coUon seeds. Lipolytic 
activity develops only during germination, as demonstrated by Olcott and 
Fontaine.^*^ Engel^®^ has reported that the aleuron cells and the seed of 
wheat and rye kernels are rich in esterase (hydrolysis of methylbutyrate), 
but no esterase could be demonstrated in the aleuron coat of barley. The 
esterase content of the endosperm of cereals is very low. A relationship 
between the number of mitochondria and esterase activity (or the activity 
of other enzymes) could not be established. Kinetic studies (inactivation 
and dissociation constants) of wheat lipase have been carried out by Singer 
and Hofstee.*' Lowy^*® studied malt lipase. Soybeans also contain a lipase.*®^ 

Among the molds, most Avork has been done on the esterase component 
of takadiastase from Aspergillus oryzae, which is to be considered as an 
esterase proper on the basis of its behavior toward esters. Concerning the 
esterase of Aspergillus niger, cf. tannase (p. 441). The lipase of Fusarium 
Uni Bolley is responsible for the large amounts of fat which are formed 
during growth of the Fusaria.^®® 

Gorbach and Giintner^®® investigated the esterase activity of yeast which 
has a pH optimum of O.O-O.S. Peters and Nelson'®” concerned themselves 
with the lipase of Mycoiorula lipolylica. 

In this connection, mention may be made of the lipases and esterases of 
bacteria and viruses, Christie and Graydon'®' demonstrated the existence 
in staphylococci of a lipase; there was no relation l)etween pathogenicity 
and lipase levels. Concerning other bacteria, cf. Bayliss et and Starr 
and Burkholder.'®*’ No esterase activity was encountered in various strains 
of gonococci.'®^ Hoagland and collaborators,'®^ who studied the lipases of 
the elementary bodies of vaccinia, demonstrated that this virus is able to 
adsorb lipase and other enzymes strongly, so that it is not certain whether 
this virus lipase originates in the virus itself or in the host tissue. 

Zoolipases, Some different properties of the lipases and esterases of 
pancreas and liver have already been discussed. Therefore, a few examples 
of their distinct behavior toward added substances and substrates may 
be summarized in Table IV. 

H. S. Olcott and T. D. Fontaine, J. Am, Chem. Soc. 63, 825 (1941). 

C. Engel, Rec. trav. chim. 64, 318 (1945); Biochitn. et Biophya. Acta 1, 278 
(1947); C. Engel and L, H. Bretschneider, ibid. 1, 357 (1947). 

B. Lowy, Western Brewing and Distributing 53, 8 (1945). 

G. Gorbach, Fette u. Seifen 48, 308 (1941). 

R. P. Mull and F. F. Nord, Arch. Biochem. 6 , 283 (1944). 

G. Gorbach and H. GUntner, Sitzber, Akad. Wiaa. Wien. Math,*naturw, Klaaae. 
Abt, 7/6141,415 (1932). 

I. I. Peters and F. E. Nelson, J. Bad. 66, 581 (1948). 

R. Christie and J. J. Graydon, Australian J. Exptl. Biol. Med. Sei. 19,9 (1941). 

M. Bayliss, D. Glick. and R. A. Siem, J. Bad. 66, 307 (1948). 

M. P. Starr and W. H. Burkholder, Phytopathology 38, 598 (1942). 

I. Ciaccio, Boll, soc. ital. biol. sper. 19, 224 (1944). 

C. L. Hoagland, 8. M. Ward, J. E. Smadel, and T. M. Rivers, J. Exptl. Med. 
76, 163 (1942). 
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Virtanen and Suomalainen^®* have reported a finding which characterizes 
the different nature and,at the same time the possible interconversion of 
the two enzymes. If rabbits were injected with pancreatic lipase prepara¬ 
tions and the ester- and fat-splitting enzyme levels in the various tissues 
determined, the greatest increase was found in the liver. The liver esterase 
obtained after the injection continued to exhibit the same properties as the 
enzyme obtained from normal animals; it was inactivated by atoxyl, it 
was not affected by quinine, it hydrolyzed olive oil only slightly; the enzyme 
which had been injected, on the other hand, saponified olive oil well, was 
inhibited by quinine and was not affected by atoxyl. The Finnish investi¬ 
gators who were able thus to prove the interconversion of the two esterases, 
found themselves confirmed along different lines by Kraut and Pant- 
schenko-Jurewicz;®^ the latter investigators stated that the active enzyme 


TABLE IV 

Comparison op Pancreatic Lipase and Liver Esterase 



Behavior towards 


Atoxyl 

Quinine 

Leucylgly- 

cylglycine 

Tributyrin 

Methyl- 

butyrate 

D,L-Methyl- 

mandelate 

Pancreatic 

lipase 

Resistant 

Sensitive 

Activated 

Better 

hydro¬ 

lyzed 

Less well 
hydro¬ 
lyzed 

j Levorota- 
tory split 
product 

Liver 

esterase 

Sensitive 

Resistant < 

Not influ¬ 
enced 

Less well 
hydro¬ 
lyzed 

Better hy¬ 
drolyzed 

Dextroro¬ 
tatory split 
product 


system, the holoenzyme, is related to the active group, the coenzyme, and 
to the apoenzyme, on the basis of the mass action law: 

c oenzyroe X apoenzyme ^ 
holoenzyme 

Consequently, the free components are present beside the holoenzyme, 
which is the active enzyme proper. And since the K of the esterases is 
not very small, the amounts of coenzyme and apoenzyme are not insignifi¬ 
cant. The equation shows further that the decomposition of the holo¬ 
enzyme can be prevented by an excess of the individual components. 
According to Kraut, an excess of free apoenzyme is present. The esterase 
coenz3rme can be adsorbed on siliceous earth, the apoenzyme on lead 
phosphate. Concerning the coenzyme, it has been stated that it can be 
converted to a product, called anagon, which is no longer capable of form- 

A. I. Virtanen and P. Suomalainen, 2. physiol, Chem, 219, 1 (1933); Swmen 
KemistiUhii B6,1 (1932). 
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ing the holoenzyme. An equilibrium between coenzyme and anagon has 
also been postulated. The concept of Kraut and Pantschenko-Jurewicz, 
with the exception of this last assumption, is identical with the view inaugu¬ 
rated by von Euler and Myrback in 1923 and summarized by: apoenzyme + 
coenzyme ;=± holoenzyme. Kraut and collaborators were able to demon¬ 
strate further that the pancreatic and liver enzymes possess the same 
coenzyme and are differentiated only by the apoenzyme. This is shown also 
by the m vitro conversion which these workers carried out: if a liver esterase 
preparation of low activity (by removal of the coenzyme) but with a high 
apoenzyme content is mixed with a pancreatic lipase preparation rich in 
coenzyme, then a new enzyme system is formed. Concerning the stereo¬ 
chemical specificity of these synthetic enzymes, cf. p. 416. 

As will be discussed below under blood lipase, the lipase of the pancreas, 
which can be given off to the blood, possesses a special significance which 
has been investigated recently. According to Fodor,*®^ the different inhibi¬ 
tory effects of gum arabic on pancreatic juice indicate the presence of two 
lipolytic systems, a lipase and an esterase. Frazer and Sammons^®® also 
studied the fat- and ester-splitting action of pancreatic juice which is due 
not only to the pancreas (the major component), but also to the stomach, 
the intestine, and lipolytic bacteria. Fats are apparently hydrolyzed in vivo 
only to the mono- and diglycerides and not to glycerol. Lagerlof^®® has 
made a detailed study of the dependence of the enzyme content of pan¬ 
creatic juice on the function of the pancreas. 

The esterase of the liver (hog) likewise seems to be composed of two iso¬ 
dynamic enzymes pne of which is more soluble than the other, as described 
by Falconer and Taylor.®^ Fodor^®’ also found two esterases in mammalian 
livers by inhibition experiments, but it has not been possible to establish 
that these esterases and those of Falconer and Taylor are identical. (How¬ 
ever, hog liver was not studied by Fodor.) The esterase content of single 
liver cells was determined by Omachi et al.^ According to this study, the 
microsome fraction of mouse liver contains 47% of the total esterase con¬ 
tent of liver tissue. Experimental liver damage leads to changes in the 
esterase levels.^^ Normal bile does not contain any lipase, according to 
Schiller.^ 

Stomach lipcLSCj which was discovered in 1900 by Volhard,*®® was more 
extensively studied by Willstatter et alJ^ It was found to be present in 

P. J. Fodor, Exptl. Med. and Surg. 6, 140 (1947); Nature 169, 375 (1947). 

A. C. Frazer, Physiol. Revs. 26, 103 (1946); A. C. Frazer and H. G. Sammons, 
J. PhysioL London 103, P 5 (1944-1945); J. 89, 122 (1945). 

»*» H. O. Lagerlof, Acta Med. Scand, 110, Suppl. 128 (1942). 

A. Omachi, C. P. Barnum, and D. Click, Proc. Soc. Exptl. Biol. Med. 67, 133 
(1948). 

T.-T. Chen, Tohoku J. Exptl. Med. 88, 193 (1940). 

*•* W. Schiller, Burg. Gynecol. Obstet. 72, 70 (1941). 

F. Volhard, MUnck. med. Wochschr. 47, 141,194 (1900). 

R. Willst&tter, F. Haurowitz, and W. Petrou, Z. physiol. Chem. 144, 68 (1926) 
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man and in fairly large amounts in carnivores and rodents. Lower levels 
of the enzyme were present in birds and fishes, while no stomach lipase at 
all could be shown in ruminants and pigeons. Itoh and Kamisasanuki"* 
recently confirmed these results. They also showed that the lipase can be 
demonstrated in the human embryo in the seventh to eighth month. 

The easily characterized stomach lipase is also present in human gastric 
juice. Schpnheyder and Volqvartz^* reported that the pH optimum of 
stomach lipase is dependent on the type of substrate: it lies near 5.5 for 
lower triglycerides and at 7.5 for higher ones. Human stomach lipase is 
very stable in acid medium. According to V6ghelyi,^ lipase may be in¬ 
creased in acute pathological states. Click,employing the micromethods 
developed by the school of Linder8tr0m-Lang, demonstrated that an 
esterase is present in the stomach and also in the diuxienum of the hog. 

Bickel and Kanitz"® found no enzyme which would hydrolyze tributyrin 
in their studies of the juice of the lowest portion of the human ileum. On 
the other hand, Nothmann and Wendt®^® had been able to show with 
depancreatized dogs that owing to the absence of the pancreas there was 
no or only a very slight hydrolysis of fats in the small intestine but that 
they were split in the large intestine, apparently by bacterial action. This 
hydrolyzed fat is of no importance for the organism since it is no longer 
resorbed. This finding explains the fatty stools which are passed in pan¬ 
creas hypofunction and which contain large amounts of fatty acids together 
with nonsaponified fats. The latter are caused by the lack of lipase activity 
and the fatty acids are produced by the bacterial lipases in the lower 
intestine where they are no longer resorbed. According to Andersen 
the lipase content of duodenal juice (also the levels of trypsin and amylase) 
is decrea.sed in marasmus of children. 

The demonstration of hydrolysis of fats by lung tissue is due to Sieber.®^* 
Bradley®^* and Hamsik*®^ showed that this tissue is enzymatically active 
in the direction of synthesis as well as of lipolysis. From the clinical point 
of view, the problem of lung lipase in tuberculosis has been of great interest. 
Kandcz®*^ reported that the lung lipase levels of infected animals decrease, 
but RordorP^® was unable to find any differences between normal and dis- 


R. Itoh and K. Kamisasanuki, J. Biochem, Japan 33, 269 (1941). 

F. Sch0nheyder and K. Volqvartz, Acta Physiol. Scand. 11, 349 (1946). 

P. Vdghelyi, Ann. Paediat. 168, 93 (1947). 

Click, Z. physiol. Chem. 023, 252 (1934); Medd. Carlsberg Lab. 20, No. 5 
(1933-1934); J. Chem. Education 12, 253 (1935). 

A. Bickel and H. R. Kanitz, Biochem. Z. 270,378 (1934). 

M. Nothmann and H. Wendt, Arch, exptl. Path. Pharmakol. 162, 472 (1931). 

«» D. H. Andersen, Am. J. Diseases Children 63, 643 (1942). 

**»N. Sieber, Z. physiol. Chem. 66, 177 (1908). 

H. C. Bradley, J. Biol. Chem. 13, 407 (1912-1913). 

•>^D. Kandez, Z. Tuberk. 63, 113 (1932). 

«• G. Rordorf, Arch. sei. bid. Italy 20,442,464,469 (1934). 
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eased animals. It is very much to the point that Virtanen and 
Suomalainen*^® observed no decrease of lipase in the lungs of animals in 
experimental tuberculosis, but that the enzyme content of other tissues was 
lower. Bach and Lusztig®^^ found significant decreases in the lipase content 
of the lung in human tuberculosis, but only in chronic pathological states. 
Concerning more recent studies on the relationship of tuberculosis to the 
lipolytic enzyme of blood, cf. van Oordt.^*^ This investigator studied the 
capacity of the blood to split methylbutyrate and tributyrin. It was found 
that the esterase (methylbutyrate) of blood is subject to changes in tuber¬ 
culosis while no effects of the disease on lipase (tributyrin) can be observed. 

Takasaka*'® reported on the lipase of brain. This enzyme was also studied 
by Edlbacher et The activity of the enzyme in brain appears to be 
slight. 

Matlack and Tucker®^^ found an esterase with a pronounced action on 
benzylbutyrate in the muscles of various animals (hog, mutton, beef, and 
fishes). This enzyme also strongly hydrolyzes the glycerides of the lower 
fatty acids, so that it is to be considered as an esterase. Remarkable fea¬ 
tures are its tight combination with muscle tissue and the demonstration 
of appreciable continued activity at temperatures below the freezing point 
of water. 

According to Thompson and Whittakeran esterase (hydrolysis of 
tributyrin and methylbutyrate) as well as a cholinesterase are present 
in skin. 

The lipase of the placenta has been extensively studied by Anselmino 
and Hoffmann.^ The lipase levels are quite appreciable and rise until 
the middle of pregnancy is reached; such a rise was also found by Ahe.^^^ 

Kelly“*^ reported that the mammary glands of mammals contain lipase 
which, however, can be demonstrated only when the animal is pregnant. 
This enzyme, which can synthesize as well as hydrolyze fats, is transferred 
to the milk (cf. below on milk lipase). 

Huggins and Moulton^^® investigated the esterase of testicular tissue (as 
well as of other tissues) under normal and pathological conditions. 

A. I. Virtanen and P. Suomalaincn, Nature 133 , 532 (1934). 

E. Bach and L. Lusztig, Arch. path. Anat. Physiol. {Virchow's) 280, 325 (1931). 

A. van Oordt, Deut. med. Wochschr. 63, 2047 (1936). 

*»• T. Takasaka, Biochem. Z. 184, 390 (1927). 

S. Edlbacher, E. Goldschmidt, and V. Schlappi, Z. physiol. Chem. 227, 118 
(1934). 

*** M. B. Matlack and I. W. Tucker, J. Biol. Chem. 132, 663 (1940). 

R. H. S. Thompson and V. P. Whittaker, Biochem. J. 38, 296 (1944). 

K. J. Anselmino and F. Hoffmann, Arch. Gynakol. 139, 202 (1930). 

•*^M. Abe, Japan. J. Ohstet. Gynecol. 13, 301 (1930). 

P. L. Kelly, J. Dairy Sci. 28, 793 (1945). 

C. Huggins and S. H. MouUon, J. Exptl. Med. 88,169 (1948). 
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Brahn*” found no lipase in carcinoma tissue. Gomori*** also demon¬ 
strated that tumors are devoid of lipase. Greenstein,“* who carried out 
very detailed and extensive studies on tissue lipases under normal and 
pathological conditions, found a decrease in the lipase content of tumor 
tissue in mice. Edlbacher and Neber®“ established that the capacity of 
tissues (liver, brain, blood) of tumor animals to split fats is greatly de¬ 
creased in comparison to that of the corresponding tissues of normal 
animals (concerning blood lipase and tumors, cf. p. 426). This finding was 
confirmed by Troescher and Norris:*** during the growth of an implanted 
adenocarcinoma in rats the blood esterase level dropped, to rise again upon 
removal of the tumor. According to American investigations,*** blood 
esterase is about twice as high in strains of tumor-sensitive mice as in 
tumor-resistant animals. 

On the basis of studies of Werner*** it may be considered probable that 
the normalization of the blood fat level after alimentary hyperlipemia is 
not caused by the action of hhod Upases. Persiel*** and Takahashi*** have 
shown that blood lipase splits tributyrin well, but it is not a true lipase 
since it hydrolyzes olive oil only slightly. Similar results were obtained 
by Goldstein and Roe.*** It cannot yet be decided whether the enz 3 me 
in the blood comes from the individual tissues, e.g., pancreas, liver, thyroid, 
lung, or whether it originates in the leucocytes. The situation is different 
under pathological conditions; tissue lipases may then appear in the blood 
which can be partially characterized by their behavior toward quinine 
and atoxyl. A great number of studies, especially from the purely clinical 
point of view, have appeared on these points. Only a few of the sometimes 
contradictory findings can be singled out for discussion. Schmitt*** con¬ 
cerned himself with the value of the estimation of atoxyl-resistant lipase 
in blood serum for the diagnosis of disturbances of the pancreas. He was 
able to show an increase in the blood level of this enzyme in all cases of 
acute pancreatic necrosis. Moreover, an increase was also observed in 30 
cases of chronic pancreatitis. Finally, the atoxyl-resistant lipase of blood 
was increased in a whole series of diseases of abdominal organs and it was 
concluded that this increase suggested an involvement of the pancreas. 

*” B. Brahn, SiUber. preuss. Akad. H’iss. Physik.-math. Klasse 1916, 478. 

•“ G. Gomori, Arch. Palh. 41, 121 (1946); Proc. Soc. Exptl. Biol. Med. 67 , 4 (1948). 

J. P. Greenstein, J. Natl. Cancer Inst. 6, 31 (1944). 

8. Edlbacher and M. Neber, Z. physiol. Chem. 838. 265 (1935). 

E. E. Troescher and E. R. Norris, J. Biol. Chem. 138, 553 (1940). 

D. Burk and R. J. Winsler, Ann. Rev. Biochem. 13, 490 (1944). 

•** M. Werner, Z. ges. exptl. Med. 83. 402 (1932). 

*’* H. Persiel, Doctoral thesis, MUnchen, 1925. 

Y. Takahashi, Arch. ges. Physiol. {Pfliigers) 886, 42 (1930). 

•*• N. P. Goldstein and J. H. Roe, J. Lab. Clin. Med. 88. 1368 (1943). 

’•* K. Schmitt, Arch. klin. Chir. 174, 512 (1933). 
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Similar conclusions have recently been reached by Lagerlof This increase 
is of greater diagnostic value in diseases of the pancreas than that of blood 
diastase since the lipase can be determined more rapidly in the blood and 
since the higher level is maintained for a longer time than that of the 
amylase. On the other hand, Popper and Scholl^® failed to attribute any 
great diagnostic value to the estimation of the atoxyl-resistant lipase of 
blood. Bernhard,who found that this enzyme was also increased in the 
blood of patients with carcinoma, was able to show that the enzyme is 
given off from the tumor tissue to the blood. According to this investigator, 
the appearance of atoxyl-resistant lipase in carcinomatous individuals is 
of diagnostic value under certain conditions. After surgical removal of the 
tumor, this increase in serum lipase is no longer found. If the increased 
level persists or returns later, there is danger that a remission has taken 
place. Simon,^^^ who at first considered the atoxyl-resistant pancreatic 
lipase in blood to be significant for disturbances of the pancreas and also 
for pernicious anemia, was able to show later-^ that the quinine-resistant 
serum lipase has no practical significance. On the other hand, Friesz and 
Hallay-*^ always encountered this enzyme in the serum in acute diffuse 
pathological conditions of liver cells. Fie.ssinger and Gajdos,^^^ who con¬ 
sidered the serum lipase to be identical with the liver lipase, found that 
the former was decreased e.specially in liver cirrhosis. They therefore recom¬ 
mended the use of the liver enzyme in the therapy of human liver cirrho¬ 
sis and apparently also had some therapeutic success. Comfort^^^ stressed 
the diagnostic value of the estimation of semm lipase in acute pancreatitis. 
In such cases the olive oil-hydrolyzing effect of serum is increased.^^® 
In the field of animal experiments, in pancreatectomies and ligatures of 
the pancreatic ducts, American investigators, e.g., Goldstein, Jacobson, 
Telford, and Roe^^^ and Nothman, Pratt, and Benotti,^* demonstrated 
that .serum esterase originates from two sources, one the pancreas and the 
other extrapancreatic tissue. Nakagawa^^® showed that in experimental 
damage to the pancreas the lipase content of lung, liver, spleen, and kidneys 

H. O. Lagerlof, Nord. Med, 24, 1992 (1944); .4c^a Med. Scand. 120, 407 (1945); 
ibid. 128, 380 (mi)] ibid. 128, 413 (mi); ibid. 128, Suppl. 196, 399 (1947). 

H. L. Popper and R. Scholl, Med. Klin. 30, 335 (1934). 

F. Bernhard, Z. Krebsforsch. 38, 450 (1933). 

H. Simon, Klin. Wochschr, 4, 2295 (1925). 

H. Simon, Klin. Wochschr. 5, 2443 (1926). 

J. Friesz and I. Hallay, Z. klin. Med. 113, 275 (1930). 

*** N. Fiessingcr and A. Gajdos, Ann. mcd. 38, 405 (1935). 

M. W. Comfort, Am. J. Digestive Diseases Nutrition 3, 817 (1937). 

See also the review on the signihcancc of enzymes for clinical diagnosis by 
R. Ammon and E. Chytrek, Ergeb. Enzymforsch. 8, 91 (1939). 

N. P. Goldstein, M. Jacobson, I. R. Telford, and J. H. Roe, J. Lab. Clin. Med. 
81,999 (1946); J. H. Roe and N. P. Goldstein, ibid. 28, 1334 (1943). 

M. M. Nothman, T. D. Pratt, and J. Benotti, J. Lab. Clin. Med. 33, 833 (1948). 

Y. Nakagawa, Milt. med. Ges. Okayama 88, 1039 (1941). C.A. 37, 2072^ (1943). 
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is also changed. The significance of serum lipase in various gynecolo^cal 
disturbances has been investigated by Takeda et al?^ Hess and Viollier*“ 
reported on a sort of “protective lipase reaction’*: after intravenous injec¬ 
tion of olive oil into rats, the enz 3 rme content of plasma increases to more 
than twice the original value; the quinine-resistant component increases 
approximately twofold, the atoxyl-resistant component eightfold. In addi¬ 
tion to quinine and atoxyl, diisopropylfluorophosphate and di-(2-chloro- 
ethyl)methylamine have recently been shown to be of use in the charac¬ 
terization of the esterase of human plasma.**^ 

The presence of a lipase has been demonstrated in leucocytes, especially 
the eosinophils,**® as well as in lymphocytes}^^ An ester-splitting enzyme 
could also be sho\vn to be present in erythrocytes}^^ 

Sussner**® investigated the tributyrinase of human cerebrospinal fluid. 
The enzyme was always found but no correlations with age, sex, or the 
type of neurological disturbances could be established.**^ Ikebata,**® using 
the stalagmometric method, found a certain lipase activity in the aqueous 
humor of the rabbit. 

Cattaneo and Scoz*** established the presence of esterase and lipase 
activities, among other enzymes, in pleural effusions and also in tubercular 
pus. Kdll6*®® demonstrated the presence of a lipase in the lymph of the 
ductus thoracicus. Scheer*®^ investigated the salivary lipase of man; this 
enzyme can be found in infants as early as the first month. Scheer assumed 
that salivary lipase acts to free the oral cavity of fatty materials. Koldajew 
and PikuP®* studied the lipase of dog saliva which they obtained through 
fistulae placed in the parotid, submaxillary, and sublingual ducts. The 
enzyme obtained from the parotid gland was most active. The lipolytic 
activity of saliva proved to be independent of diastase. The pH optimum 
was T.fi-?.?.*®® Koebner*®^ found that there were no deviations of the lipase 
titer from normal values in a series of pathological conditions. 
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W. Hess and G. Viollier, Helv. Physiol, ei Pharmacol. Acta 6 , C 19 (1948). 
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As early as 1902, Moro*®® established the presence of a lipase in mother's 
milk. This finding was confirmed by Davidsohn.^®® According to Resch*®^ 
and Behrendt,*®® mother's milk lipase is of significance for the infant, since 
a lipolytic action may take place in the stomach of the infant in view of the 
weak acidity of his gastric juice (cf. p. 400 on lipase and prolipase). The 
milk of animals contains an appreciably lower amount of lipase than 
human milk; it also possesses somewhat different properties.*®* Mattick 
and Kay*^® investigated the relation of cow's milk tributyrinase to the 
lactation cycle. According to Itoh and Kamisasanuki,*^^ the enzyme, which 
is present in cow's and goat’s milk in an inactive form and which can be 
activated by small amounts of NH 4 OH, has a pH optimum of 8.0. More 
recently, milk lipase and esterase has been studied more extensively by 
American investigators. The esterase can be inhibited by atoxyl but not 
by quinine. Peterson et reported further properties of the enzyme 

(using tributyrin as a substrate) on the basis of data obtained with their 
assay procedure. The inactivation of the esterase by temperature was 
studied by Hetrick and TracyHlynka and Hood*^^ extensively studied 
the relationships between milk lipase and the lipase of cheese; it was also 
indicated that there is a connection between the enzyme and the appear¬ 
ance of rancidity in the cheese. Butter also contains the lipase derived 
from milk, and this enzyme is the cause of the lipolysis of butter fat.*^® 
According to Kay,*’® the light sensitivity of milk esterase (cow's milk) is 
remarkable. Irradiation of the milk with sunlight for 30 minutes leads to 
an 80% destruction of the enzyme. This destruction also continues in the 
dark following irradiation. The addition of 0.1% NaCN largely protects 
against this effect of irradiation. This finding may be related to the obser¬ 
vation of Hlynka and collaborators*” that Cu inhibits milk lipase. Even 
the traces of Cu present in milk may activate the dissolved oxygen so that 
the milk enzyme is inhibited.**® 

More, Jahrh. Kinderheilk. 66 , 391 (1902). 

“•H. Davidsohn, Z. Kinderheilk. 8, 14 (1913). 

A. Reach, Jahrh. Kinderheilk. 86, 377 (1917). 

H. Behrendt, Jahrh. Kinderheilk. 102, 291 (1923). 

A. I. Virtanen, Z. physiol. Chem. 187, 1 (1924). 

E. C. V. Mattick and H. D. Kay, J. Dairy Res. 9,58 (1938). 

R. Itoh and K. Kamisaaanuki, J. Biochem. Japan 33, 269 (1941). 

M. H. Peterson, M. J. Johnson, and W. V. Price, J. Dairy Sci. 26, 233 (1943). 

*’* J. H. Hetrick and P. H. Tracy, J. Dairy Sci. 31, 881 (1948). 

I. Hlynka and E. G. Hood, J. Dairy Sci. 26, 111 (1942); ihid. 26, 389 (1942); 
I. Hlynka, E. G. Hood, and C. A. Gibson, ihid. 26, 1111 (1943); ihid. 28, 79 (1945); 
Sci. Ayr. 27, 50 (1947); Can. Dairy and Ice Cream J. 20, 26 (1941); P. B. I^rsen, G. M. 
Trout, and I. A. Gould, J. Dairy Sci. 24, 771 (1941). 

V. N. Krukovsky and B. L. Herrington, J. Dairy Sci. 26, 231 (1942); ihid. 26, 
237 (1942); V. N. Krukovsky and P. F. Sharp, ibid. 23,1109 (1940). 

H. D. Kay, Nature 167, 511 (1946). 

I. Hlynka, E. G. Hood, and C. A. Gibson, J. Dairy Sci. 26, 923 (1942). 

Y. N. Krukovsky and P. F. Sharp, J. Dairy Sci. 28,1119 (1940). 
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The ester-hydrolyzing enzyme of urine, which has been investigated by 
Bloch,*’® is quinine-resistant. The lipase content of urine is greatly in¬ 
creased in diffuse kidney disturbances. Yasuda*®® found an increase in 
cases of kidney tuberculosis. Zorn**‘ observed that urinary lipase (hy¬ 
drolysis of olive oil) is present in particular abundance in the urine of youths 
and also of rabbits. A number of relations to human pathology have been 
established. Ammon and Chytrek*®* also investigated the lipolytic action 
of urine. Stalagmometric determinations generally indicated only very 
slight tributyrin-splitting effects. There is no difference between the urine 
of children and adults in the course of the hydrolysis of tributyrin. 

The tributyrin- and methylbutyrate-splitting action of embryo extract 
(chicken egg) has been studied by Ammon and Schiitte.*®’'* In this connec¬ 
tion, the behavior of the enzyme during incubation was also investigated. 
The hydrolyzability of both substrates by embryo extracts exhibits a rapid 
increase which is doubtless connected with the development of the embryo 
and the many new enzymatic accomplishments of the organism. Compara¬ 
ble results were obtained by LindvalP*^ with sea urchin eggs. Carlson*®^ 
studied the lipolytic action of grasshopper eggs at various stages of develop¬ 
ment. In connection with these suggested relations of the enzymes to 
ontogenesis, the findings of Olcott and Fontaine with fertilized cotton 
seeds (cf. p. 420) may be recalled. 

Arvy and Gabe*®® demonstrated a lipase in the hemolymph of various 
insects. Fodor*®’ studied the olive oil- and tributyrin-splitting action of 
extracts of tissues and eggs of the African migratory locust. The lipolytic 
action of wax moth larval extracts has already been discussed (cf. p. 404). 
The investigations of Olivier*®® and Fodor*®® may also be mentioned. 
Olivier was able to show that such extracts possess antibiotic activity 
against tubercle bacilli; it has not yet been established to what extent a 
‘'cerase’* effect is involved. Fodor found that extracts of the larvae of the 
mulberry silk moth can split lower as well as higher fatty acid esters and 
also cetylacetate. This investigator assumed that these insects carry various 
esterase systems. 

E. Bloch, Klin. Wochschr. 2, 1318 (1923). 

R. Yasuda, Tohoku J. Exptl Med. 20, 265 (1932-1933). 

*•* B. Zorn, Fermentforschung 15, 397 (1938). 

*•* R. Ammon and E. Chytrek, in Nord-Weidenhagen, Handbuch der Enzymologie. 
Akademische Verlagsgesellschaft, Leipzig, 1940, p. 390. 

R. Ammon and E. Schiitte, Biochem. Z. 276,216 (1935). 

*** S. Lindvall, Arkiv Kemi Mineral. Geol. 26B, N :o 9 (1948). 

L. D. Carlson, Biol. Bull. 81, 375 (1941). 

L. Arvy and M. Gabe, Compt. rend. 8oc. biol. 140, 757 (1946). 

»®’P. J. Fodor, Enzymologia 12, 333 (1946-1948); ibid. 12, 343 (1946-1948); ibid. 
IS, 67 (1948). 

H. R. Olivier, Nature 169, 685 (1947). 

P. J. Fodor, Enzymologia IS, 66 (1948). 



430 


ROBERT AMMON AND MAIRE JAARMA 


Belgian investigators**® studied the enzymes, including the lipases, of 
free-living and parasitic plathelminths. The lipase content of the free- 
living worms (Turbellariae) is of the same order of magnitude as that of 
mammalian tissue; the enzyme levels in the parasitic cestodes and nema¬ 
todes, on the other hand, are very low. These differences in the occurrence 
of lipases in these worms may be explained on the basis of adaptation. 
Since fats constitute a poor source of energy under anaerobic conditions, 
the lipolytic enzymes assume a secondary role in the parasitic worms. 

g. Practical Applications of Esterases 

The hydrolysis of oil into acid and glycerol with the aid of castor bean 
lipase may be mentioned first; Hoyer*®^ developed this method on a large 
technical scale but the procedure does not seem to have found wide ac¬ 
ceptance. 

A further example of the practical uses of esterases is provided by the 
interesting attempt to use the enzyme preparations obtained from the 
pancreas of slaughtered animals, which also contain lipases, as an organic 
laundry soaking agent. The principle of such a preparation (“Burnus”) 
involves the use of a period of several hours* soaking (overnight) for the 
enzymatic degradation of dirt particles contained in the laundry. The 
diastases and proteolytic enzymes naturally aid in this endeavor. 

Esterases have a certain significance in the fermentation industries. 
During germination of barley a degradation of the fats takes place which 
is of importance for the properties of the beer, since the foaming capacity 
of beer is lowered by fats. A direct practical use of the lipases, e.g., by 
artificial addition, does not seem to have been envisaged for these purposes. 

Castor bean lipase appears to be useful for the preparation of vitamin A 
from cod liver oil: the vitamin is easily extracted following a hydrolysis of 
the oil by the lipase.*®* 

The lipases contained in oleiferous seeds, e.g., cotton seeds, may be of 
significance for the storage of these seeds since the enzymes may cause a 
more or less pronounced fat hydrolysis. It is therefore important from a 
practical point of view to inhibit this enzyme action.*®* Similarly, the 
esterases play a role in the storage of wheat and also in baking processes.*®* 

E. Pennoit-de Cooman and G. van Grembergen, VerhandeL KoninkL Vlaam, 
Acad. Wetensch. Klasse Wetensch. 4, 7 (1942). 

*•* E. Hoyer, in Oppenheimer, Technologic der Fcrmente, IV: 2. 6th ed., Georg 
Thieme, Leipzig, 1929, p. 1. 

*•* M. Ogawa, J. Agr, Chem. Soc. Japan 20, 342 (1944). 

A. M. Altschul, M. L. Karon, L. Kyame, and C. M. Hall, Plant Physiol. 21, 
673 (1946). 

*•* Cf. ref. 175; B. Sullivan, in Anderson, Enzymes and Their Role in Wheat Tech¬ 
nology. Interscience Publishers, New York, 1946, p. 163; H. Miyosi, Japan J. Obatet. 
Gynecol 28, 267 (1940). 
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A certain sigmficance for milk storage*** and cheese making*** has like¬ 
wise been attributed to the lipases. 

Medicine, especially in its diagnostic and therapeutic aspects, also nmlfoa 
use of the esterases. Clinical interest*** in lipase determinations centers 
mainly on serum lipase. Not only the increase or decrease of the absolute 
value is of interest but also the possibility that the addition of particular 
compounds may indicate the tissue of origin of the serum lipase and may 
thus permit conclusions to be drawn concerning the functional efficiency 
of the tissues in question. For example, the lipase effect of the pancreas 
is characterized by the fact that it can be abolished by quinine, that it is 
quinine-sensitive. The esterase originating from the liver, which may also 
get into the bloodstream, is completely inhibited by atoxyl. Serum esterase 
itself, the origin of which has not yet been elucidated with certainty, is 
sensitive to both atoxyl and quinine. In recent years, the appearance of 
an atoxyl-resistant esterase in serum appears to have assumed a certain 
significance for cancer diagnosis. There is no doubt that the determination 
of the lipase of duodenal juice is of practical importance, since it gives a 
direct indication of the function of the pancreas. 

In regard to therapy, numerous preparations should be mentioned which 
are used to good advantage for the support of digestive processes in dis¬ 
turbances of the stomach and intestinal tract. However, the action in¬ 
volved here is not attributable solely to esterases but also to the participa¬ 
tion of carbohydrate- and protein-splitting enzymes. 

2. Acetylesterase 

Among the special esterases, one enzyme in particular is worthy of note. 
This recently, and quite unexpectedly, has been shown to hydrolyze esters 
of acetic acid most efficiently and appears to be present in greater abun¬ 
dance in plant tissues than in the animal organism. This enzyme is there¬ 
fore called acetylesterase or acylase. 

Jansen el al.*** have made a very extensive study of this enzyme and 
have investigated its occurrence in citrus fruits, its isolation, estimation, 
and specificity relationships; some remarkable findings have resulted from 
their work. 

”• N. P. Tarassuk and J. L. Henderson, J. Dairy Set. 25, 801 (1942); N. P. Ta- 
rassuk and G. A. Richardson, Science 93, 310 (1941). 

”* F. J. Babel, J. Dairy Set. 27,679 (1944); F. J. Babel and B. W. Hammer, ibid. 
28, 201 (1945). 

Cf. reviews by R. Ammon und E. Chytrek, Ergeb. Enzymforsch. 8, 91 (1939); 
in Bamann-Myrbftck, Die Methoden der Fermentforschung. Georg Thieme, Leipzig, 
1941, p. 2969 

••• E. F. Jansen, M. D. F. Nutting, and A. K. Balls, J. Biol. Chem. 170,417 (1947); 
ibid. 176, 975 (1948); E. F. Jansen, R. Jang, and L. R. MacDonnell, Arch. Biochem. 
16, 416 (1947). 
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As has been mentioned, acetylesterase hydrolyzes in a particularly pro¬ 
nounced manner the esters of acetic acid; the nature of the alcohol com¬ 
ponent is practically without importance. Hydrolysis was efficient with 
aliphatic, aromatic, and amino-alcohol acetic acid esters, such as acetals, 
acetyl glycols, o-nitrophenylacetate, and acetylcholine. If the alcohols are 
esterified with other acids, then the hydrolyzability by acylase decreases 
rapidly. Simple esters like methylethylbutyrate, ethyleneglycoldiformate, 
monobutyrin, tributyrin, and monopropionin are still split but the extent 
of hydrolysis is slight compared to that of the acetals. iV-Acetylethanol- 
amine, iV-acetylglucosamine, and acetylphosphate are not hydrolyzed. 

The fact that acetylcholine can be split promptly suggests an identity 
of acetylesterase with cholinesterase. Such is, however, not the case, since 
acylase cannot be inhibited by the alkaloid of the calabar bean, eserine or 
physostigmine, which is a good cholinesterase inhibitor. An additional piece 
of evidence is the fact that cholinesterase does not appear to occur in 
plant tissues.^®® On the other hand, both acylase and cholinesterase are 
inhibited by certain phosphate compounds which will be discussed below. 
We are thus confronted again by the remarkable phenomenon of one sub¬ 
strate being attacked by two different enzymes. A differentiation of acetyl¬ 
esterase from lipases and common esterases is provided by the fact that 
tributyrin is hydrolyzed only to a very slight extent and olive oil not at 
all, as mentioned above. 

According to the American investigators, the pH optimum lies between 
5.5 and 6.5 when acetals are employed as the substrates. The same authors 
also determined the Michaelis-Menten constants. NaCl activates the en¬ 
zyme, sodium oxalate stabilizes the esterase. The fluoride ion has no 
influence on acylase. However, the enzyme is strongly inhibited by diiso- 
propylfluorophosphate (DFP); the original investigators established the 
inhibition constants: 5 X 10~® M DFP inhibits the hydrolysis of the acetic 
acid ester to 50% under certain conditions. Other phosphoric acid deriva¬ 
tives, e.g. hexaethyltetraphosphate and tetraethylpyrophosphate (TEP), 
are also strongly inhibitory, though less so than DFP. Acetylesterase 
shares this capacity of being inhibited by the phosphates mentioned with 
no other enzyme of plant origin, such as urease, papain, j9-amylase, and 
pectinesterase. Dialysis does not decompose the enzyme-inhibitor com¬ 
plexes with DFP, in contrast to the eserine-cholinesterase complex; a 
small amount of decomposition is noted when the other two phosphates are 
the inhibitors. If, on the other hand, the enzyme is inhibited in situ with 
DFP or TEP, the enzyme in the citrus fruit reaches its original activity 
again after 3-4 days. The fruit apparently contains a factor which causes 
the regeneration of the esterase. 

Ammon and W. Dirscherl, Fermenie, Hormone, Vitamine und die Besie- 
hungen dieser Wirkstoffe zueinander. 2nd ed., Georg Thieme, Leipzig, 1048, p. 77. 
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Bovet showed that acylase is also present in cobra venom. 

This indicates that it can occur in animal tissues. It has not yet been 
investigated to what degree acetylesterase may be identical with the 
morphinesterase of serum reported by Wright,which can hydrolyze 
diacetylmorphine (heroin) and which belongs in the group of the azoles- 
terases of Click.*®* 


3. Tropinesterases 

(Atropine-, Cocaine- and Tropacocainestbrase) 

Fleischmann*®* was the first to demonstrate that rabbit serum is capable 
of destroying the alkaloid atropine. It was not until 1938, however, that 
F. and M. Bemheim*®^ presented certain proof of the enzymatically cata¬ 
lyzed hydrolysis of atropine into tropine and tropic acid. Later, Click*®* 
and Ammon and Savelsberg*®® concerned themselves more extensively with 
the hydrolysis of such alkaloid esters derived from tropine or ecgonine. 

A better understanding of the specificity relationships of this special 
group of esterases may be aided by the schematic review (see p. 434) of 
the structural formulae of the substrates to be discussed. 

The compounds indicated here require the existence of three enzymes, 
atropine-, cocaine-, and tropacocainesterase, which Click has very ap¬ 
propriately grouped under the name of tropinesterases. Since cholinesterase 
(cf. the contribution of Augustinsson) also hydrolyzes a substrate with an 
iV-alcohol and since other esterases can split a whole series of other esters 
with substituted amino- and nitrogen-containing heterocyclic alcohols. 
Click in 1942 proposed the name of “azolesterases^’ for the entire group 
of enzymes. Included among them we find the tropinesterases, the cholin¬ 
esterases (true and pseudocholinesterase), the benzoylcholinesterase of 
Sawyer,*®^ and the esterases which hydrolyze various other iV-alcohol 
esters, among them drugs with anesthetic and spasmolytic properties.*®* Of 
all these azolesterases, only the tropinesterases are discussed in the fol¬ 
lowing section. 

•ot Bovet Nitti, Experientia 3, 283 (1947). 

»»* C. I. Wright, J. Pharmacol. Exptl. Therap. 71, 164 (1941). 

*»‘D. GHck, J. Am. Chem. Soc. 64, 564 (1942). 

Ml p_ Fleischmann, Arch, exptl. Path. Pharmakol. 63,518 (1910). 

F. Bernheim and M. L. C. Bernheim, J. Pharmacol. Exptl. Therap. 64, 209 
(1938) 

•®‘b. Click, J. Biol. Chem. 134, 617 (1940); D. Click and S. Glaubach, J. Gen. 
Physiol. 86, 197 (1941-1942); D. Click, S. Glaubach, and D. H. Moore, J. Biol. Chem. 
144, 525 (1942). 

•®* R. Ammon and W. Savelsberg, Z. physiol. Chem. 284,135 (1949). (Investigations 
since 1942 ) 

•®’ C. H. Sawyer, Science 101,385 (1945). 

•®®8ee also: H. Blaschko, T. C. Chou, and I. Wajda, Brit. J. Pharmacol. 3, 108 
(1947) : 8. Ellis, J. Pharmacol. Exptl. Therap. 91,370 (1947). 
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The most remarkable property of atropinesterase and also of cocain- 
esterase may be mentioned first: these enzymes cannot be demonstrated in 
all animal species, and when they are present in a species, e.g., rabbits, 
they do not appear in each animal.*®® Click and Glaubach showed that 
only about every fourth rabbit has an atropinolytic principle in the serum; 
in these animals, atropinesterase could then also be demonstrated in the 
tissues. No correlation between occurrence of the enzyme and the season 
of the year or the sex, color, age, or weight of the animals could be estab¬ 
lished. Ammon and Savelsberg concluded that the capacity to split atro¬ 
pine is genetically conditioned since they found that of 33 rabbits which 
constituted an inbred tribe started by one female and three males, 17 
exhibited atropinesterase activity while this was true of only 9 of 35 ani- 
mals of random origin. Sawin and Click*'® were able to adduce further 

*** See J. L4vy and £. Michel» Bull. $oc. chim. biol. 27, 570 (1945). 

P. B. Sawin and D. Click, Proc. Natl. Acad. Sci. U. S. 29,55 (1943). 
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proof for this conclusion: the capacity to split atropine is inherited in the 
form of a gene (As) located on the same chromosome as the gene (E) for 
the diffusion of the black pigment of the fur. The gene (As) is incompletely 
dominant since homozygotes produce the enzyme in a more active form 
than heterozygotes. Atropinesterase is not present at birth but appears 
for the first time after about a month and shows the tendency to occur in 
higher concentrations in females and to be demonstrable in a higher per¬ 
centage of animals of that sex than of males. 

Similar hereditary relationships may also hold for cocainesterase which 
was likewise not found in all rabbits by Ammon and Savelsberg, in contrast 
to the data of Click. Of 22 animals, only one exhibited cocainesterase ac- . 
tivity, 7 others were endowed with cocainesterase as well as atropinesterase, 
while 6 were able to split only atropine. 

These differences in occurrence lead to the conclusion that atropin- and 
cocainesterase are different. Still another distinct entity is tropacocaines- 
terase which was found by Click to be present in all horse and rabbit sera. 
The following table taken from the data of Click and CUuibach clearly 
shows the specificity relationships. 


TABLE V 

Comparison of Hydrolyzability op Various Tropine Derivatives by Horse 
Serum and the Sera op Two Rvbbits 


Enzyme from 

Atropine 

hyoscy¬ 

amine 

Homa¬ 

tropine 

Scopol¬ 

amine 

Nbva- 

tropine 

Tropa¬ 

cocaine 

Cocaine 

Acetyl¬ 

choline 

Horse 

1 ”” 

— 

— 

1 - 

+ 

j 

+ 

Rabbit I 

+ 

' + 

i i 

I + ! 

+ 

•f 

1 + 

Rabbit 11 

- 

1 — 

J 1 

1 _ ^: 

I 1 

; 4- 

+ 

+ 


Atropinesterase thus hydrolyzes the closely related esters like hyoscya- 
mine (as the L-isomer; atropine is the DL-form), homatropine, scopolamine, 
and novatropine. Tropacocaine, which represents the benzoic acid ester 
^-tropine, is hydrolyzed by all the sera, and the same is true of acetyl¬ 
choline, while cocaine is split only by the rabbit sera. 

Ammon and Savelsberg summarized their findings in table VI. 

This summary also indicates the common features of the beha\dor of 
different sera toward atropine, hyoscyamine, and homatropine (= atro¬ 
pinesterase). As was mentioned above, a distinction should be made be¬ 
tween this enzymatic entity and cocainesterase; the action of the latter 
consists in splitting methyl alcohol off from the carboxyl group of eegonine 
without attacking the ester linkage between benzoic acid and the secondary 
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alcohol in ecgonine (whereas according to Click the latter linkage can be 
hydrolyzed off enzymatically in pseudotropine benzoic acid ester). Cho¬ 
linesterase is, of course, found in all groups. 


TABLE VI 

The Action of Four Different Rabbit Sera on Some Tropine Derivatives 
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This enzyme may easily be distinguished from the azolesterases by means 
of inhibition with eserine. Atropinesterase indeed does not exhibit the 
high sensitivity towards physostigmine®®^'which characterizes cholines¬ 
terase. Glick®^® was able to show that atropinesterase is activated by 
KCl, NaCl, NaBr, Nal, KCNS, MgS 04 , and CaCh. Cyanides, fluorides, 
and also sulfhydryl compounds proved to be inhibitors. The pH optimum 
of atropinesterase is 8.1-8.4; the Michaelis constant of 6 X 10“® indicates 
the unusually high affinity of the enzyme for the substrate. 

The existence of atropinesterase poses the question whether certain 
pharmacological and clinical experiences with atropine and cocaine may 
be explained with the aid of the enzyme.*” It is known, for example, that 
the rabbit is insensitive to high doses of atropine. But since animals devoid 
of atropinesterase activity also exhibit this lack of sensitivity to Atropa 
belladonna, atropinesterase does not offer any possible explanation Like¬ 
wise, the fact that patients with Parkinson’s disease can stand very high 
doses of atropine has no connection with a possible protective enzyme effect 
of atropinesterase since normal human subjects and also post-encephalitic 
subjects treated with atropine have no atropinesterase in their sera (Am¬ 
mon and Savelsberg). The same conclusion appears to hold for cocainism. 
Normal human serum has no effect on the hydrolysis of cocaine. 

4, Cholesterol Esterase 

Cholesterol esterase, which is largely focused on the formation and hy¬ 
drolysis of cholesterol esters, assumes a special position among the esterases 
because the conditions for the hydrolytic and synthetic actions can be 
obtained easily. 

Some evidence for the occurrence of a cholesterol ester-splitting enz 3 rme 

MI See also F. Bernheim, vol. II, chapter 66. 
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was obtained first by Kondo®^* Schultz^^® in horse and beef 

liver. Mueller*'^ and Abderhalden and WeiP^*^ also observed a hydrolysis 
of cholesterol esters by pancreas extracts and intestinal secretions. Thann- 
hauser*^® studied this enzyme more extensively. In view of the finding 
that bile and duodenal juice of man contain only free cholesterol and no 
esterified form, a search was started for a cholesterol ester-splitting enzyme 
in this secretion that would explain the presence of free cholesterol. Indeed, 
the presence in bile and duodenal juice of an enzyme hydrolyzing choles¬ 
terol esters (cholesterol palmitate) could be demonstrated. No definite 
conclusions could be drawn at that time from experiments designed to 
show whether blood also had a similar effect. This last point is discussed 
below. 

An indication of the presence of a cholesterol esterase, in its synthetic 
role, in subcutaneous tissue was given by the experiments of Basten*^^; 
this investigator placed a deposit of cholesterol under the skin of animals 
and observed microscopically that the characteristic cholesterol platelets 
disappeared gradually and were transtormed into birefringent drops. 
Schonheimer and Yuasa*^* confirmed the data of Basten by chemical 
determinations of cholesterol esters. In eleven days about 10% of the 
administered free cholesterol was esterified. Schonheimer then tested the 
possibility that other sterols (sitosterol, stigmasterol, ergosterol, copros- 
terol) might also be esterified under the same conditions. This is not the 
case. Enzymatic esterification in vitro was demonstrated by Nedswedski®^® 
and Vercellone.*-® According to these studies, esters of cholesterol with fatty 
acids, e.g., oleic, palmitic, stearic, and butyric acids, are foi-med in long¬ 
term experiments with the aid of pancreas dry powders in the presence 
of glycocholate. 

Klein*®^ has presented proof for the assumption that there are specific 
cholesterol esterases. He was able to show that mammals have at least tw^o 
different cholesterol ester-splitting enzymes. One acts in acid solution, at 
pH 5.3, and is found in liver, spleen, intestinal mucosa, kidney, etc.; the 
other enzyme is most effective at a neutral pH and is found only in pan¬ 
creas extracts. Both cholesterol esterases act similarly to the lipases; how¬ 
ever, they can be separated from the latter. The substrate used by Klein 

K. Kondo, Biochem. Z. 26, 243 (1910). 

»*• J. H. Schultz, Biochem. Z. 42. 255 (1912). 

J. H. Mueller, J. Biol. Chem. 27, 463 (1916). 

E. Abderhalden and A. Weil, Fermeniforschung 4, 76 (1921). 

S. J. Thannhauser, Deut. Arch. klin. Med. 141, 290 (1923); see also S. J. Thann- 
hauser and H. Schaber, Klin. Wochschr. 6, 252 (1926); H. Wendt, ibid. 8, 1215 (1929). 

G. Basten, Arch. path. Anal. Physiol. {Virchow*s) 220, 176 (1915). 

R. Schonheimar and D. Yuasa, Z. physiol. Chem. 180, 19 (1029). 

«»S. W. Nedswedski, Z. physiol. Chem. 236, 69 (1935). 

•*® A. Vercellone, Biochem. e ierap. sper. 26, 207 (1938). 

W. Klein, Z. ^ysM. Chem. 264, 1 (1938). 
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was human serum which contained the difficultly water-soluble cholesterol 
esters in a biological soluble form. Cholesterol esters made soluble by 
colloidal means, on the other hand, are split very little or not at all. Simi¬ 
larly, sjnathetic cholesterol phosphoric acid was not hydrolyzed enzymati¬ 
cally either in acid or neutral solution. 

French investigators have been particularly interested in the choles¬ 
terol esterase of pancreatic juice. Fontaine ei showed that this fluid 
contains an enzyme which very actively catalyzes the formation of choles¬ 
terol esters in alkaline media. This cholesterol esterase may be activated 
by bile acid salts while monobromacetic acid and also phlorhizin have no 
effect; all three agents, on the other hand, inhibit the lecithinase which 
always accompanies the cholesterol esterase.®^ Le Breton and Pantal^on®*^ 
discovered an interesting relationship to this lecithinase: cholesterol esterase 
and lecithinase are coupled with each other. Lecithinase B splits the fatty 
acids off from lecithin; cholesterol esterase is then needed for the formation 
of cholesterol esters with these fatty acids. 

Pancreatic cholesterol esterase appears to be identical with that of serum 
which also is closely related to lecithinase.*®* The serum enzyme is respon¬ 
sible for the relation of free to esterified cholesterol in the blood vrhich was 
first investigated by Sperry.*®* If sterile human serum or plasma is kept 
for a few days at 37®C., the content of total cholesterol is unchanged but 
the ratio of cholesterol to esterified cholesterol has shifted in the sense that 
the amoimt of the free form has decreased and that of the bound form in¬ 
creased. This esterifying effect is of fairly considerable magnitude. The 
mean per cent esterification in 30 blood samples was approximately 60%. 
It is of interest to note that free and esterified cholesterol apparently are 
not in equilibrium in flowing blood; the equilibrium is established outside 
the organism.*®^ 

The postulation by Saviano and Baccari,*®* who also studied the free 
and esterified cholesterol in serum, of two cholesterol esterases in blood— 
one with only a hydrolytic and the other with only a synthetic action— 
is hard to reconcile with the current concepts of the catalytic function of 
enz 3 rme 8 . It is probable that their work involved changed experimental 
conditions (e.g., pH changes) which sometimes permitted the hydrolytic 

*”T. Fontaine, E. Le Breton, and J. Pantaloon, Compt, rend, sac, biol, 187, 611 
(1943). 

E. Le Breton and J. Pantaloon, Compt, rend, soc. biol, 138, 20 (1944). 

***E. Le Breton and J. Pantaloon, Compt. rend. boc. biol. 138, 38 (1944); Arch. 
Bci. physiol. 1, 63 (1947). 

»** E. Le Breton and J. Pantaloon, Arch. set. physiol, 1, 199 (1947); Nguyen-Van- 
Thoai, Compt. rend. soc. biol. 137, 467 (1943). 

«• W. M. Sperry, /. Biol. Chem. Ill, 467 (1936); W. M. Sperry and V. A. Stoyanoff, 
ibid. 128, 77 (1938). 

^ See also J. Pantaloon, Doctoral thesis, Paris, 1944. 

M. Saviano and V. Baccari, Arch. sci. biol. Italy 22 (1946). 
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effect and sometimes the synthetic function to predominate. Schramm and 
Wolff®-® had already described the preferentially synthetic action of pan¬ 
creas dry powder and the hydrolytic action of liver dry powder (under the 
same conditions). Schramm and Wolff proposed an interpretation of their 
findings which attributes to cholesterol esterase a great significance for 
fat resorption. The fatty acids liberated by the intestinal fat hydrolysis 
are esterified by the pancreatic enzyme in the intestine at the surface of 
the cells of the intestinal wall, with cholesterol which is present either free 
in the intestinal juice or at the intestinal wall. The bile acid salts are 
necessary for resorption. Inside the cells, the cholesterol ester is hydrolyzed 
by the cholesterol esterase of the intestinal mucosa. If lecithinase, which 
provides the fatty acids for cholesterol esterase (as shown by French in¬ 
vestigators), is taken into account, cholesterol esterase appears to have a 
particular significance for the introduction of fatty acids into the organism. 

The specificity of cholesterol esterase depends on the type of sterol as 
well as on the other component, the acid. 

While Schonheimer®®® had at first reported that stigmasterol, ergosterol, 
and coprosterol are not esterified, Schramm and Wolff®®® were able to show, 
under their conditions, a clear-cut esterification of these three sterols by 
the enzyme, though at a much lower rate than with cholesterol. These 
investigators found that dihydrocholesterol and dehydroandrosterone were 
esterified well. This observation provides an explanation for the clinical 
finding that dehydroandrosterone is active when given per os: like choles¬ 
terol, it is easily esterified and resorbed. Although sitosterol, stigmasterol, 
and ergosterol can be esterified to a small extent, the corresponding esters 
do not get a chance to be formed and resorbed because of the ever-present 
excess of cholesterol. 

The specificity relationships for the acid component have already been 
briefly touched upon a few times: the best conditions for esterification are 
provided by the higher fatty acids, e.g., palmitic, stearic, and oleic acids.®®^ 
Butyric acid is also esterified but phosphoric acid is not. Imaizumi®®® found 
a bacterial cholesterol esterase in BacL prodigiosum, proteus^ and typhi and 
in Staphylococcus aureus^ which hydrolyzes monocholesterol esters of 
phthalic acid. In this connection, we may mention the occurrence of 
cholesterol esterase in the larvae of the large wax moth {GaUeria meUoneUa)^ 
which according to Clement and Frisch®®® transforms cholesterol into its 
fatty acid esters at pH 7.2. 

G. Schramm and A. Wolff, Z. physioL Chem, 263, 61 (1940); 263, 73 (1940); 

»ee also G. Quagliariello, F. Cedrangolo, and C. Senise, Boll. soc. ital, biol, sper. 
16, 447 (1941). 

*®® R. Schdnheimer, H. von Behring and R. Hummel, Z. physiol, Chem. 192, 117 
(1930). 

®®‘ R. G. Sinclair and L. Chipman, J. Biol, Chem, 167, 773 (1947). 

®®® M. Imaizumi, J, Biochem, Japan 27, 227 (1938). 

®®® G. Clement and A. M. Frisch, Compt. rend, soc, biol. 140, 472 (1946). 
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6. Chlorophyllase 

Chlorophyllase, which was discovered in 1910 by Willstatter and Stoll**^ 
and shown to accompany chlorophyll, is not an esterase proper since it 
also catalyzes an alcoholysis very easily. It splits chlorophyll into chloro- 
phyllide and phytol (R indicates the chlorophyll residue) with an uptake 
of alcohol: 

RCOOC,oH,» + C,H*OH - RCOOCtH* -f CaoH„OH 

The enzymatically catalyzed alcoholysis is possible even in more than 
90% alcohol or in the presence of acetone.®®^ 

In moist ether this enzyme, which was later shown to have particular 
interest in botany, can also cause a hydrolysis which justifies its classifica¬ 
tion among the hydrolases, especially since the free acid is formed and not 
the ethyl ester as in alcoholysis. 

The synthetic action of chlorophyllase was also proved by Willst&tter 
and Stoll. The ether solution of the chlorophyll which was formed exhibited 
the properties of the natural pigment. 

According to the investigations ot Mayer,®®® the pH optimum of chloro¬ 
phyllase was at 5.9 when an enzyme dry preparation was used which was 
obtained by the method of Noack®®^ from the leaves of Heracleum sphan- 
dylium and was chlorophyll-free. Both leaf pigments, chlorophylls a and 6, 
are attacked by chlorophyllase. However, the a component is more rapidly 
hydrolyzed. The specificity of this enzyme also extends to the magnesium- 
free plant pigments, phaeophytins a and 6, and here too a is hydrolyzed 
more rapidly than 6. 

Chlorophyllase has the remarkable property of being firmly bound to 
the cell structure; it may be considered to be the best example of a desmo- 
enzyme among the esterases. A crystallizable chlorophyllase preparation 
may be obtained from Scrophidaria califomica.^ 

The enzyme is very widely distributed in the plant world; it is localized 
in the chloroplasts.®®® In agreement with Willstatter, Mayer found that 
it occurred in ail species of plants which were studied. The differences in 
concentration, however, are very great. All monocotyledons and all tropi¬ 
cal plants studied by Mayer had low levels of the enzyme although chloro¬ 
phyll was usually present in abundance. On the other hand, high levels 
of the enzyme were generally present in Umbelliferae, Labiatae, and 
Solanaceae. The enzyme occurs not only in the leaves but could be demon¬ 
strated also in other green parts, such as stalks and leaf stems, and in roots. 

»»*R. Willst&tter and A. Stoll, Ann. 878, 18 (1911); ibid. 880, 148 (1911); Unter- 
suchungen ttber Chlorophyll. J. Springer, Berlin, 1913. 

»« C. A. Weast and G. Mackinney, J. Biol. Chem. 188, 551 (1940). 

»» H. Mayer, Plania 11, 294 (1930). 

K. Noack, Biochem. Z. 188,135 (1927). 

•®* G Krossing, Biochem. Z. 806,359 (1940). 
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The enzjrme content of the plants is highest in May and September; this 
is probably related to the formation and degradation of chlorophyll. In 
the phaso of the Fall color changes, a decrease of enzymatic activity is also 
connected with the disappearance of chlorophyll. Plants grown entirely 
in the dark also contain chlorophyllase, but much lower levels than plants 
grown normally in the light. In various mosaic virus diseases of tobacco, 
the chlorophyllase activity of the tobacco leaves may be changed.**® 

Chlorophyllase can also be found in bacteria if they contain bacterio- 
chlorophyll, like the purple bacteria.*^® 

6. Tannase 

This enzyme, whose action was already discovered by Scheele in 1786, 
acts on the depside linkages of the tannins. According to Emil Fischer, 
depsides are ester-like derivatives of the phenol-carbonic acids. The sim¬ 
plest example of a didepside is the anhydride of p-hydroxybenzoic acid in 
which the carboxyl group of one molecule has combined with the hydroxyl 
group of another: 

HO • C6H4 • C O-O • Cell* • C OOH. 

Tannase, which occurs mainly in extracts of molds, e.g., Aspergillus 
niger, hydrolyzes optimally in the acid pH range of 3.1-4.1. Dyckerhoff 
and Armbruster*^^ found the pH optimum of purer tannase preparations 
to be 5-6. None of the usual complex formers, as NaF, KCN, oxalate, 
pyrophosphate, etc., inhibit the enzyme. The dialyzed enzyme is not 
activated by alkaline earth metals or by Mn.*^* A synthetic action of the 
enzyme—the formation of m-digallic acid from gallic acid—has also been 
observed.*** 

Tannase not only decomposes gallotannin into gallic acid and sugar but 
also chlorogenic acid into cinchona and caffeic acid. It hydrolyzes chebulinic 
acid, a constituent of oak tannins, into ellagic and quercetic acids. Freuden- 
berg reported that gallic acid methyl ester, C 6 H 2 (OH 3 )*COOH, also was 
split by tannase. The method of estimation of tannase is based on the 
hydrolysis of this ester.*** 

Dyckerhoff and Armbruster were able to separate the concomitant mold 
esterase in mold extracts from tannase by the use of phenylacetate as the 

”• P. D. Petersen and H. H. McKinney, Phytopathology 28, 329 (1938); C. H. Hills 
and H. H. McKinney, ibid. 82, 857 (1942). 

H. Fischer, R. I^mbrecht, and H. Mittenzwei, Z. physiol. Chcm. 253, 1 (1938); 
H. Fischer and R. I^mbrecht, ibid. 263,263 (1938). 

H. Dyckerhoff and R. Armbruster, Z. physiol. Chem. 219, 38 (1933). 

•** L. Massart and R. Dufait, Verhandel. Koninkl. Vlaam. Acad. H etenschap. Belg. 
Klaase Wetensehap. 3,3 (1941). 

***M. Nierenstein, Biochem. J. 26, 1093 (1932). 

*** O.Th. Schmidt, in Bamann-Myrbftck, Die Methoden der Fermentforschung. 
Georg Thieme, Leipsig, 1941, p. 1590. 
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substrate; they reported that the acid component of an ester must con¬ 
tain at least two phenolic hydroxyl groups in order to be split off by tannase. 
Further, the esterified carboxyl group must be directly linked to the 
oxidized benzene ring and may not be in the ortho-position to a phenolic 
hydroxyl group. Chromatographic adsorption, as applied to tannase prepa¬ 
rations by Tdth and BArsony,*" also permits the separation of tannase 
from other enzjrmes such as the esterase and d-glucosidase. The interesting 
fact was observed that glucogallin can be split by the jS-glucosidase as 
well as by tannase. It also appears probable that the hydrolysis of the 
simple gallic acid ester and of the depsides is not carried out by the same 
tannase. 

Freudenberg and Vollbrecht*^* described suitable culture methods for 
Aspergillus niger and the isolation of tannase preparations from the mold 
mycelium. Dyckerhoff and Armbruster were unable to find any tannin¬ 
splitting activity in animal extract, e.g., glycerol extracts of stomach, 
intestine, kidneys, spleen, pancreas, and bile of hogs and calves, so that 
tannase appeared to be restricted to the plant kingdom. Sieburg and 
Mordhorst,**^ on the other hand, have claimed that tannase occurs in some 
animal tissues. Their investigations were based on the old observation o! 
Wdhler in 1824 that the urine of dogs contains gallic acid after the adminis¬ 
tration of tannin, and on the work of M6rner in 1892 who demonstrated 
tannic acid in the urine after the administration of fairly large amounts 
of tannin to dogs and human subjects. In following the fate of orally ad¬ 
ministered tannin, Sieburg and Mordhorst found that tannin hydrolysis 
starts in the small and large intestine. Tannin is also split in liver extracts 
and in blood serum. 

Little can be said at this time on the significance of tannase. There is 
no doubt that certain lower organisms, e.g., Aspergillus and Penicillium, 
can use tannin as a source of carbon since they are able to split it. No other 
molds and no bacteria grow on nutrient media with tannin as the only 
source of carbon. The great importance of tannase in the study of the 
constitution of the natural tannins^ may be alluded to in closing. 

G. T4th and G. Bdrsony, Emymologia 11,19 (1943-1945). 

K. Freudenberg and E. Vollbrecht, Z. phytiol. Chem. 116,277 (1921). 

**’’ E. Sieburg and G. Mordhorat, Biochem. Z. 100,204 (1919). 

*** K. Freudenberg, Die Chemie der natiirlichen Gerbatoffe. Juliua Springer, Ber¬ 
lin, 1920. 
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I. Introduction* 

Acetylcholine (ACh) has been assigned by many workers the important 
physiological role of chemical mediator of parasympathetic postganglionic 
and autonomic preganglionic (synaptic) impulses. Evidence has been pre¬ 
sented that it might mediate the nerve impulses from motor nerves to 
striated muscles. In addition, many neurophysiologists have been inclined 
to believe that the same mechanism predominates in the central nervous 
system for synaptic transmission. 

The transmission of the nerve impulses along the axon and across the 
synapse has been claimed to be an electrical phenomenon by some investi¬ 
gators and a chemical one by others. A more modern view, based on studies 
of the enzymes connected with the formation and hydrolysis of ACh, 
postulates that the impulse transmission is both chemical and electrical 
in nature, the chemical action being the primary event. The release and 
removal of ACh are said to be essential factors in conduction, the trans¬ 
mitting agent being the flow of current. The precise function of the ester, 
however, is still unknown* (cf. Sect. IX). 

There are two enzymes concerned in the ACh metabolism. Acetylcholine 
esterase (AChE) is capable of hydrolyzing ACh into acetic acid and choline, 
which are much less active than the parent substance. The decrease of 
free energy in this process is great and the reaction is essentially irre¬ 
versible.* The resynthesis of ACh in vivo is most probably not catalyzed 
by AChE; in this reaction choline acetylase (ChA) takes part. The fol¬ 
lowing scheme is a tentative model of ACh metabolism: 

K+? 

i 



^ It seems undesirable to obscure the text by too many detailed references to the 
more than 1300 papers on this subject. References, therefore, have been made to 
more detailed reviews of particular aspects, to key papers from which other references 
may be traced, and to the recent papers published since 1943. 

* The role of acetylcholine in nerve action is discussed in a series of papers in 
Ann. N. Y. Acad. Set. 47,375-602 (1946), Federation Proc. 7, 435-463 (1948), and Bull. 
Johns Hopkins Hosp, 83, 463--603 (1948). See also M. C. Sanz, Arch. ges. Physiol, 
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Besides AChE, the physiological function of which is to split ACh, there 
are esterases which split ACh and other choline esters faster than ordinary 
esters; they are not, however, materially concerned in nerve function. 
Some of these esterases behave like AChE; others are distinct enzymes 
and are in the following referred to as cholinesterases (ChE). The physio¬ 
logical functions of these enzymes are more obscure. Both types of choline 
ester-splitting enzymes have properties which definitely separate them from 
ordinary esterases (aliesterases). 

AChE and ChE belong to a group of esterases called ‘^azolesterases,’^^ 
which hydrolyze nitrogen-alcohol esters. Other examples of enzymes belong¬ 
ing to this group are morphine esterase, the tropine esterases, and procaine 
esterase. They are present in blood serum, and, most probably, they are 
not identical with serum ChE. 

n. Existence of Specific Esterases for Acetylcholine and other Choline 

Esters 

As early as 1914, Dale® suggested that an enzyme is present in the blood 
which brings about the destruction (hydrolysis) of ACh. Such an enzyme 
was shown to exist in nearly all animal tissues;® it has not yet been found 
in the plant kingdom. In 1932, Stedman, Stedman, and Easson^ prepared 
from horse serum an enzyme which was considered to be a specific esterase 
for ACh and other choline esters; this they called choline-esterase (the single 
word cholinesterase has lately gained in popularity). During the following 
years, a great many papers appeared dealing with the ACh-splitting ac¬ 
tivity of various animals, vertebrates as well as invertebrates. The litera¬ 
ture on this subject is very extensive.® One of the problems involved has 


(Pflugers) 246, 597 (1943), 247, 317 (1943); W. Feldberg, Physiol. Revs. 26, 596 (1945); 
O. Loewi, J. Mt. Sinai Hosp, N. Y. 12, 803, 851 (1945); A. von Muralt, Die Signal- 
vermittlung in Nerven, Birkhauser, Basle, 1946; D. Nachmansohn, in J. F. Fulton, 
Physiology of the Nervous System, 3rd ed., Oxford Univ. Press, New York, 1950; 
D. Nachmansohn, in G. Pincus and K. V. Thimann, The Hormones, Vol. II, Academic 
Press, New York, 1950, p. 515. 

• Recent studies, however, have shown that an acid shift of pH displaces the 
equilibrium in the direction of synthesis. This has been demonstrated with the puri¬ 
fied AChE of the electric tissue of Electrophorus in the case of ACh and propionyl- 
choline; see S. Hestrin, Biochem. et Biophys. Acta 4, 310 (1950). 

^ D. Glick, J. Am. Chem. Soc. 64, 564 (1942). 

» H. H. Dale, J. Pharmacol. Exptl. Therap. 6,147 (1914). 

• F. Plattner and H. Hintner, Arch. ges. Physiol. {Pflugers) 226,19 (1930). 

’ E. Stedman, E. Stedman, and L. H. Easson, Biochem. J. 26, 2056 (1932). 

• Reviews: R. Ammon, Ergeb. Emymforsch. 4, 102 (1935), in Nord-Weidenhagen, 
Handbuch der Enzymologie, Akadem. Verlagsgesellachaft, Leipzig, 1940, p. 394; 
W. Hanske, Angew. Chem. 64, 357 (1941); E. Werle, Fermentforschung 17, 230 (1943); 
O. Bodansky, Ann. N. Y. Acad. Sci. 47, 521 (1946); J. L4vy, J. physiol, et path. gkn. 
89, 413 (1947); K.-B. Augustinsson, Acta Physiol. Scand. 16, Suppl. 62 (1948); R. 
Balbi and L. Saitta, Ada Neurol. 3, 73 (1948). 



446 


KLAS-BERTIL AUGUST1N8SON 


been the question of the existence of an esterase specific for ACh, a question 
of considerable interest in view of the physiological function of this ester. 

Stedman et aV and Simonart® thought that the enzyme from blood 
serum is specific for choline esters, although not for ACh since it splits 
butyrylcholine and propionylcholine at a higher rate than ACh. Later 
experiments, however, have indicated that the esterases present in some 
sera are not specific for choline esters although they split them faster 
than noncholine esters. Vahlquist*® definitely pointed to this fact, working 
with human blood plasma, and Glick^^ made a systematic study of the 
specificity of horse serum ChE. Later on, the esterase of red blood cells 
was demonstrated to differ markedly from serum esterase. Thus Alles 
and Hawes** found that the former enzyme is inhibited by high concentra¬ 
tion of ACh in contrast to the latter; the former hydrolyzes acetyl-jS- 
methylcholine, which is not split by serum esterase.** Richter and Croft,** 
Mendel and Rudney,*^ Zeller and Bissegger,** and Schaefer*® confirmed 
and extended these observations. It was found also that a “specific cholin¬ 
esterase,” acting exclusively on choline esters, is present in the erythrocytes 
of some animals and in the brain, and that the “cholinesterase” present 
in blood serum and pancreas is a “nonspecific” one. Erythrocyte and brain 
esterases do not split benzoylcholine, which is hydrolyzed by serum and 
pancreas esterases.*^ An esterase capable of splitting benzoylcholine, but 
not engaged in the hydrolysis of ACh, was demonstrated by Sawyer** in 
the liver of some animals. Langemann*® studied the esterase types in various 
human tissues, and Augustinsson*® showed that a true chemical, established 
difference exists between the ACh-hydrolyzing enzymes in horse serum 
and erythrocytes. Nachmansohn and Rothenberg** demonstrated that the 
esterases in nei^'ous and muscular tissues and in erythrocytes, in contrast 
to serum esterase, split propionylcholine at the same or at a lower rate 
than ACh, whereas butyrylcholine and noncholine esters are split at a 
very low rate or not at all. Some of these observations were confirmed by 
Cosier and Delaunois.** 

• A. Simonart, Rev, beige eci. mkd. 3, 757 (1931); 6, 73 (1933). 

B. Vahlquist, Skand. Arch. Physiol. 72, 133 (1635). 

** D. Click, J. Biol. Chem. 126, 729 (1938); 130, 527 (1939); 137, 357 (1941). 

» G. A. Alles and R. C. Hawes, J. Biol. Chem. 183, 375 (1940); J. Lab. Clin. Med. 
26,845 (1941). 

D. Richter and P. G. Croft, Biochem. J. 36, 746 (1942). 

B. Mendel and H. Rudney, Biochem. J. 37, 59 (1943). 

£. A. Zeller and A. Bissegger, Helv. Chim. Acta 26, 1619 (1943). 

>*H. Schaefer, Arch. gee. Physiol. (Pfliigers) 249, 405 (1947). 

B. Mendel, D. B. Mundell, and H. Rudney, Biochem. J. 37, 473 (1943). 

**C, H. Sawyer, Science 101, 385 (1945). 

H. Langemann, Helv. Physiol. Pharmacol. Acta 2, C17 (1944); cf. Helv. Chim. 
Acta 26, 464 (1942). 

K.*B. Augustinsson, ArkivKemi Mineral. Qeol. 18A, No. 24 (1944). 

D. Nachmansohn and M. A. Rothenberg, J. Biol. Chem. 1110, 6^ (1945). 

H. easier and A. L. Delaunois, Experientia 2,180 (1946). 
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These results suggested the existence of two types of choline ester- 
splitting enz 3 rmes for which various names have been proposed; the es¬ 
terases in eiythrocytes dnd nervous and muscular tissues have been called 
“specific ChE/^ “ “true ChE,” “e-type/’ or simply “cholinesterase*'; 
the second type in certain sera, pancreas, and other tissues was called 
“nonspecific ChE,” “ “pseudo-ChE,” “s-type," or regarded as an un¬ 
specified esterase.** None of these names has been generally excepted. 

Recent investigations have shown that it is inappropriate to refer to a 
“specific (true) ChE.” Thus Bodansky*^ observed that brain and erythro¬ 
cyte esterases split triacetin, that of human brain splitting this substrate 
even more rapidly than ACh. Furthermore, these esterases have been 
shown to catalyze the hydrolysis of a large number of noncholine esters, 
especially acetates. According to Augustinsson,** acetylsalicylic acid and 
the acetyl-^ster linkage in acetylsalicylcholine are split by brain and 
erythrocyte esterases. Adams and Whittaker*® demonstrated that the more 
closely the alcohol group simulates the choline configuration, the more 
rapidly is the ester hydrolyzed. The carbon analog of ACh, 3,3-dimethyl- 
butyl acetate, is the most rapidly split, next to ACh itself. The observation 
of Zeller, that ethyl chloroacetate, /3-chloroethyl acetate,*^ desoxycortico- 
sterone acetate, and others**® are attacked by erythrocyte cholinesterase, 
also indicated that the ability to hydrolyze noncholine esters can no longer 
be used as a criterion to distinguish the two types of esterases. The investi¬ 
gations on the esterase of Helix blood*® and other invertebrate tissues,*® 
and those on the esterase of snake venoms®® showed, moreover, that the 
principles of nomenclature previously used are not adequate. Zeller**® has 
recently considered his “e-type" to be an “acetylesterase*’ rather than a 
cholinesterase. 

Augustinsson*® emphasized the importance of a careful consideration of 
the substrate concentration in following the enzymatic hydrolysis of various 
esters; the relationship between activity and substrate concentration may 
differ for a given enzyme from substrate to substrate. For the so-called 
“specific ChE" this difference is such that at high substrate concentration 

"See D. Glick, Science 102, 100 (1945). 

** O. Bodansky, Ann. N. Y. Acad. Sci. 47,521 (1946). 

** K.-B. Augustinsson, Acta Physiol. Scand. 16, Suppl. 52 (194S). 

*• D. H. Adams and V. P. Whittaker, Biochetn. J. 43, P14 (1948). D. H. Adams, 
Biochim. ei Biophys. Acta 3, 1 (1949); V. P. Whittaker, Biochc n. J. 44, P43 (1949). 

” E. A. Zeller, G. A. Fleisher, and R. A. McNaughton, Federation Proc. 8, 2>8 
(1949). R. A. McNaughton and E. A. Zeller, Proc. Soc. Exptl. Biol. Med. 70, 165 
(1949). 

•**E. A. Zeller, G. A. Fleisher, R. A. McNaughton, and J. S. Schweppe, Proc. 
Soc. Exptl. Biol. Med. 71, 525 (1949). 

*• K.-B. Augustinsson, Biochem. J. 40, 343 (1946). 

*• K.-B. Augustinsson, Acta Physiol. Scand. 11, 141 (1946). 

E. A. Zeller, Advances in Enzymol. 8, 459 (1948). 
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the rate of hydrolysis with, for instance, triacetin is even higher than with 
ACh« 

In view of the fact that there exists a type of esterases with well defined 
properties, described in detail below, and with an aflSnity for its physio¬ 
logical substrate, i.e., ACh,**« higher than for any other ester so far tested, 
Augustinsson and Nachmansohn^ suggested the use of the term iiceiyl- 
choline esterase (AChE). This type of esterase occurs in nervous and 
muscular tissues and in erythrocytes. Esterases with similar characteristics 
occur in Helix blood and in the venom of certain snakes. Other esterases 
(e.^., in some sera, pancreas, certain salivary glands, and presumably 
other sites) which split choline esters at a higher rate than noncholine 
esters, but which differ from the acetylcholine esterases in activity- 
substrate concentration relationship and the increasing rate of hydrolysis 
with increasing length of the acyl group (from acetyl to n-butyryl), are 
called cholinesterases (ChE), as was originally proposed by Stedman et aL 
Their physiological substrate is at present unknown. This terminology and 
classification are used in the following treatise. 

in. Measurement of Activity 

The activity of choline ester-splitting enzymes is determined quantitatively by 
measuring the rate of hydrolysis of ACh. Formerly biological methods were chiefly 
used, but today chemical techniques are more in favor and should always be used 
when accurate data are wanted. Some methods are described in detail by Ammon.’* 
In the following, the various methods used are briefly summarized. 

1. Biological Methods 

The evanescence of ACh is followed pharmacologically by measuring its action 
on isolated intestine, heart, frog rectus abdominis, leech muscle, or by measuring 
the blood pressure. These methods are much less accurate than the chemical 
techniques. 

2. Chemical and Physicochemical Methods 

In estimating the activity chemically, the acetic acid liberated by the hydrolysis 
of ACh is usually determined. The chemical estimation of ACh itself is the principle 
of some modern methods. 

a. Titration Methods 

The liberated acetic acid is titrated with an alkaline solution of known concentra¬ 
tion. The difficulties in these methods are the dilution effect and the pH changes due 
to the liberation of acid. 

’’ K.-B. Augustinsson, Arch. Biochem. 28, 111 (1949). 

According to Zeller et however, **no enzymologic clues are available at 
present to show that acetylcholine is the physiological substrate of the e-ChE.” 

** K.-B. Augustinsson and D. Nachmansohn, Science 110, 98 (1948). 

** R. Ammon, in Bamann-Myrb&ck, DieMethoden der Fermentforschung, Thieme, 
Leipzig, 1941; Academic Press, New York, 1945, p. 1685. 

G. Scoz and C. Cattaneo, Emymologia 4, 157 (1937). H. Q. Barbour and V. C. 
Dickerson, /. Pharmacol. Exptl. Therap. 85,281 (1939). 
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Indicator Methoda, Various indicators have been recommended, e.g., phenol- 
phthalein, phenol red, cresol red, or bromthymol blue. In using dyes as indicators, 
it is often very difficult to observe a clearly defined color change. In addition, many 
other troublesome precautions must be observed (e.g., possible influence of the indi¬ 
cator on the enzyme). 

Electrometric Methods. A more convenient method than using indicators is to 
titrate electrometrically, using a quinhydrone electrode,*^ glass electrode,•• or 
antimony electrode.** 


6. Manometric Methods 

Warburg Method. The Warburg manometric method is the most convenient for 
following the hydrolysis of ACh, and was used for the first time by Ammon.*^ This 
method is most suitable for comparative and serial experiments and is now used 
almost exclusively. One estimates manometrically the volume of carbon dioxide 
evolved from a bicarbonate-containing system, buffered against carbon dioxide 
by the acetic acid formed in the hydrolysis of ACh. 

Other Manometric Methods. The Barcroft differential method** and the Van Slyke 
method** have also been employed. The principle of the Cartesian diver has been 
successfully used in the estimation of esterase activity.*® *^ 

c. Other Methods 

A step photometric method, based on the ferric chloride reaction of acetic acid, 
has been described.^* Another photometric method, using m-nitrophenol,^* and an 
opalescence method^* have been evolved. A method for ACh determination utilizes 
the fact that ACh, and certain other esters, are rapidly converted at alkaline pH by 
hydroxylamine into the corresponding hydroxamic acids, which can be determined 
colorimetrically.^* 

A histochemical method has been developed.^*® The histological distribution of 
ChE in the gastric mucosa has been discussed.^* 

** D. Click, J. Gen. Physiol. 21, 289 (1938); Cotnpt. rend. trav. lab. Carlsherg Sbr 
chim. 21, 263 (1938). M. CJ. Sanz, Helv. Physiol. Pharmacol. Acta 2, C29 (1944). N. 
SchUmmelfeder, Arch, exptl. Path. Pharmacol. 204, 454 (1947); H. O. Michel, Lab, 
Clin. Med. 34, 1564 (1949). 

** A. L. Delaunois and H. Casier, Experientia 2, 67 (1946); Arch, intern, pharma¬ 
codynamic 76, 371 (1948). 

*’ R. Ammon, Arch. ges. Physiol. (Pflugers) 233, 486 (1933). 

*• E. Stedman and E. Stedman, Biochem. J. 29, 2107 (1935). 

**M. Rinkel and M. Pijoan, J. Pharmacol. Exptl. Therap. 64, 228 (1938). D. G. 
Friend and O. Krayer, ibid. 71, 246 (1941). 

*® K. Linder8tr0m-I^ng and D, Click, Compt. rend. trav. lab, Carlsberg^ Sbr. chim. 
22, 300 (1938). 

*» E. J. Boell and S. C. Chen, J. Exptl. Zo6l. 97. 21 (1944). 

*• N.-O. Abdon and B. Uvn&s, Skand. Arch. Physiol. 76, 1 (1937). 

**H. Croxatto, R. Croxatto, and F. Huidobro, Anales acad. Biol.,l niv.cat6lica 
Chile 3, 55 (1939); Compt. rend. soc. biol. 130, 236 (1939). A similar method is de¬ 
scribed by C. Huggins and J. Lapides, J. Biol. Chem. 170, 467 (1947). 

**L. Gal, Med. Klin. (Munich) 36, 385 (1940). 

*» S. Hestrin, J. Biol. Chem. 180, 249 (1949). 

C. B. Koelle and J. S. Friedenwald, Proc. Soc. Exptl. Biol. Med. 70,617 (1949). 
A histochemical demonstration has been described by G. Gomori (Proc. Soc. ExptL 
Biol, Med. 68 , 354,1948), but it is highly questionable whether AChE or ChE is re¬ 
sponsible for this test. 

D, Glick, /. Oen, Physiol. 21« 297 (1938). 
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3. Methods for Distinguishing between Acetylcholine Esterases 

AND Cholinesterases 

After evidence had been presented that various types of choline ester¬ 
splitting enzymes exist, methods were proposed for distinguishing them. 
One method is based on the observation that acetyl-jS-methylcholine is 
split only by AChE and not by ChE, whereas benzoylcholine is hydrolyzed 
only by ChE.‘^ A more valuable tool is the test of hydrolysis rates of 
propionylcholine and butyrylcholine.^‘AChE splits propionylcholine at 
the same or at a lower rate than ACh, butyrylcholine at a low rate or not 
at all. The rate of hydrolysis by ChE, on the other hand, increases with 
increasing length of the acyl chain.AChE splits j8-chloroethyl acetate 
more rapidly than ChE.” If the AChE activity is plotted against the log 
of the molar ACh concentration a bell-shaped curve is obtained, t.e., 
inhibition by excess of substrate.^^ The ChE is not inhibited by high con¬ 
centrations of ACh. The substrate concentration must be carefully con¬ 
sidered in following the enzymatic hydrolysis of various esters, as tlje 
activity substrate concentration relationship may differ for a given enzyme 
from substrate to substrate.*® 

The ability of certain compounds to inhibit selectively either AChE or 
ChE can also be used for distinguishing the two types. Several attempts 
in that direction have been made. In many cases, however, the data ob¬ 
tained are based only on preliminary experiments with no tests of the 
action against specific substrates and at various substrate concentrations. 
Examples of selective inhibitors are given in Table I (Sect. IX). 

A biological method has been proposed which employs frog muscle and various 
choline esters. 

4. Units Used in Expressing Enzyme Activity 

Esterase activity is frequently expressed in Q values or milligrams ACh (chloride) 
hydrolyzed in 60 minutes by 100 mg. (or 1.0 g.) tissue.For purified preparations 
the unit Ap has been proposed, i.e., milligrams ACh hydrolyzed in 60 minutes by 
1 mg. protein.^* Cf signifies the quantity of ACh chloride, in micromoles, destroyed 
in 60 minutes by 1 mg. dry substance.*® 

The activity measured by the manometric method is simply expressed as the 
volume of carbon dioxide, in micromoles, evolved in 20 to 60 minutes at STP. The 
initial hydrolysis rate should always be used, as this factor is independent of the 
decrease in substrate concentration and directly proportional to the enzyme con¬ 
centration.** *® 

In titration methods, using 0.01 M sodium hydroxide, the unit is the amount of 


** A. Denys and J. L4vy, Compt. rend. aoc. biol. 141,650,731 (1947). 

**D. Nachmansohn and E. Lederer, Compt. rend. soc. biol. 190, 321 (1939); Bull. 
Boc. chim. biol. 21, 797 (1939). 

M. A. Rothenberg and D. Nachmansohn, J. Biol. Chem. 168,223 (1947). 

** G. Arragon and E. Sala, Bull. boc. chim. biol. 30,44 (1948). 
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enzyme necessary to liberate 1.00 ml. of 0.01 M acetic acid in 10 minutes at pH 8.0. 
The activity must also in this case be defined in terms of initial hydrolysis rate.*' 

IV. Occurrence of Acetylcholine Esterase and Cholinesterase 

The distribution of choline ester-splitting enzymes has been studied in 
considerable detail in connection with the physiological significance of 
ACh.® The enzymes have been found in almost all multicellular animals; 
they were present in all vertebrates and in most invertebrates investigated. 
The earlier data concerning the esterase activity of various tissues (except 
those discussed in Sect. II) furnish no information as to the type of enz 3 rme 
present. The first accounts dealing with the specificity of ACh-splitting 
esterases in various tissues ol a single species are those on Helix pomatia^ 
and on the rat.®* In the following, only the most prominent features con¬ 
cerning the distribution of the esterases can be mentioned. 

1. Tissues Containing Predominantly Acetylcholine Esterase 

Nervous Tissues. It is now well established that the esterase in all nervous 
tissue, vertebrate as well as invertebrate, is predominantly AChE and 
present in high concentration.^^ •*®**®’*^*®* The brains ot all species investi¬ 
gated contain this enzyme. The values vary considerably in different spe¬ 
cies and in the different parts of the brain.®® AChE is much more abundant 
in the gray matter than in the white matter. The smaller the brain, the 
higher generally the enzyme concentration.*® ®^ There seems, however, to 
be no increase in the concentration with the phylogenetic order of the 
species. The highest AChE value was obtained with the head ganglion 
of the squid.®® 

The peripheral nervous system has also a very high concentration of 
AChE. The sympathetic ganglia have a higher concentration than most 
parts of the central nervous system.®® *®® A mixture of AChE and ChE has 
been reported to exist in these ganglia.®^*®® The concentration of AChE is 
high in all nerve fibers, but rises still higher in the synaptic region. High 
concentration of AChE usually corresponds to high ACh concentration.®® 
Cholinergic nerves have higher activity than sensory ones.®® 

G. E. Hall and C. C. Lucas, J, Pharmacol. Exptl. Therap. 69,34 (1937). 

C. H. Sawyer and J. W. Everett, Am. J. Physiol. 148, 675 (1947). 

” G. Pighini, Biochim. e terap. sper. 25, 347 (1938), 26, 157 (1939); Boll. soc. ital. 
biol. sper. 16, 237 (1940); D. Nachmansohn. Bull. soc. chim. hiol. 21, 761 (1939). 
E. Egafta, Pubs. lab. med. exptl. din. med.E. Prado-Tagle, Univ,Chile 1,99,117 (1946). 

E. A. Zeller, Helv. Chim. Acta 82, 448 (1949). 

E. J. Boell and D. Nachmansohn, Science 92, 513 (1940). 

»• D. Glick, Nature 140, 426 (1937); J. Gen. Physiol. 21, 431 (1938). 

B. Mendel and H. Rudney, Science 100, 499 (1944). 

** C. H. Sawyer and W. H. Hollinshead, J. Neurophysiol. 8,137 (1946). 

” H. F. Hellauer, Arch. ges. Physiol. (PfluQ^rs) 242, 382 (1939). 

•®K. Umrath and H. F. Hellauer, Arch. ges. Physiol. {Pflugers) 250, 737 (1948). 
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In experiments with the giant axon of squid, AChE has been found to 
be located exclusively at the neuronal surface; no enzyme is found in the 
axoplasm.®* Tubidaria, a hydrozoan coelenterate and one of the lowest ani¬ 
mals to possess a nervous system, contains AChE.®^ The esterase activity 
of insect nervous system has been studied in detail, especially in connection 
with the action of the recently discovered insecticides (diisopropyl fluoro- 
phosphate, tetraethyl pyrophosphate).®* This enzyme is said to differ in 
certain respects from vertebrate nerve AChE. 

The cerebrospinal fluid (CSF) also splits ACh.®® The esterase activity 
of human CSF is about 1% of the activity of human serum. CSF contains 
predominantly AChE, but also ChE.®^ 

Muscular Tissues. Muscles have a relatively low esterase activity. The 
enzyme in striated muscles is predominantly AChE;^® *^ heart muscle does 
not contain only AChE but also other esterases. The enzyme is not evenly 
distributed, as was first demonstrated in experiments on the frog sartorius 
muscle;®* it is present in high concentration at the motor end plates. 
There it is apparently localized in the postsynaptic membrane, an exclil- 
sively muscular element.®® 

Electric Organs. There are three known species with powerful electric 
organs (Electropfiorus eleciricus^ Malapterurus electricuSy and Torpedo mar- 
morata) and several others with weak electric organs. These organs, except 
those of Malapterurus which have relatively low esterase activity, are 
phylogenetically evolved from striated muscle. They have the highest con¬ 
centration of ACh-splitting enzymes found in any tissue.®^ One g. tissue 
splits 1 to 5 g. ACh per hour. The activity is ascribed to AChE** and de¬ 
tailed studies of the enzyme concentration in relation to the electromotive 
force have been carried out with Electrophorus (see Sect. IX—1). 

Erythrocytes. In most species, the AChE of blood is located in the erythro¬ 
cytes; the plasma contains smaller amounts. The erythrocyte AChE is 
bound to the cell membrane.®® Scarcity or lack of AChE in the erythro- 

T. H. Bullock, H. Grundfest, D. Nachmansohn, and M. A. Rothenberg, J. 
Neurophysiol. 10, 11 (1947). 

•* S. J. Mihalonis and R. H. Brown,/. Cellular Comp. Physiol. 18,401 (1941).O. W. 
Means, Jr., ibid. 20, 319 (1942). A. G. Richards, Jr., and L. K. Cutkomp, ibid. 26, 
57 (1945). J. M. Tobias, J. J. Kollros, and J. Savit, ibid. 28,159 (1946). 

•• H. Altenburger, Klin. Wochschr. 16, 398 (1937). M. Reiss and R. E, Hemphill, 
Nature 161,18 (1948). 

W. Ferrari, Boll. aoc. med. din. Modena 46, 2 pp. (1946), quoted from Chem. 
Abstracts 42, 3446 (1948). B. Glasson and S. Mutrux, Helv. Physiol. Pharmacol. Acta 
4, C12 (1946). D. B. Tower and D. McEachern, Rev. can. biol. 7,198 (1948). 

** A. Marnay and D. Nachmonsohn, Compt. rend. soc. biol. 124 , 942 (1937), 126, 
41 (1937); /. Physiol. 92, 37 (1938). 

•• R. Couteaux and D. Nachmansohn, Proc. 8oc. Exptl. Biol. Med. 48, 177 (1940). 
R. Couteaux, Bull. biol. France Belg. 76, 14 (1942); Rev. can. biol. 6, 563 (1947). 

A. Marnay, Compt. rend. soc. biol. 126, 573 (1937). D. Nachmansohn, Yale J. 
Biol. Med. 12, 565 (1940). 

•» P. G. Croft and D. Richter, J. Physiol. 102,155 (1943). R. W. Brauer and M. A. 
Root, Federation Proc. 4,113 (1^5). 
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cytes of birds and fish is compensated for by the presence of a compara¬ 
tively larger amount of AChE in the plasma.^^*^® The erythrocyte AChE 
activity decreases according to the following series: man, cow, guinea pig, 
horse, dog, sheep, rabbit, and cat. The activity varies from individual to 
individual, but tends to remain fairly constant in any one individual. 
In addition to AChE, human erythrocytes usually contain a small quantity 
of an ordinary esterase (aliesterase).** **'®® 

The leucocytes do not split ACh.^® 

Other Sources. AChE is said to be predominant in th)rmus,'® spleen, red 
bone marrow, lymph nodes, and adrenal cortex,®* but closer analysis of 
the type of esterase present has not been published. In addition to an 
aliesterase, Paracentroius (a sea urchin) larvae contain AChE*®'^^ Sepia 
liver seems to contain predominantly AChE.*® 

Closer investigations of the type of esterases have been carried out with 
Helix blood and snake venom. The blood of Helix pomatia hydrolyzes 
ACh at a very high rate.*® The enz 3 rme is of the AChE type, but has a few 
features which distinguish it from the esterase in nervous and muscular 
tissues and in erythrocytes.*^ The high rate of the hydrolysis of acetyl- 
aneurine is especially noticeable.*® 

The ACh-splitting activity of cobra venom was first observed by Iyengar 
et alP The venoms of the species of the Colubridae possess marked activity, 
of the same magnitude as the electric organs, while the venoms of the 
species of the Viperidae show no such activity.** In addition to ACh, 
other esters containing acetyl groups are hydrolyzed by cobra venom.** 
The same esterase splits ACh and triacetin*^ »*® and halogen acetic acid 
esters.**'*® The enzyme behaves like an AChE.*'-** 

Bee venom*® and scorpion venom** do not split ACh. 

2. Tissues Containing Predominantly Cholinesterase 

Blood Serum (Plasma). The literature on the ChE activity of blood serum 

•* B. Glasson, Pharm. Acta Helv. 19, 279(1944); Schweiz, med. Wochschr. 76, 1011 
(1945). 

J. Fegler, H. Kowarzyk, and J. Szpunar, Bull, intern, acad. polon. sci. Classe 
mid. 7/10, 517 (1937). 

K. -B. Augustinsson and T. Gustafson, J. Cellular Comp. Physiol 34, 311 (1949). 

^*N. K. Iyengar, K. B, Sehra, B. Mukerji, and R. N. Chopra, Current Sci. 7, 

51 (1938). The properties of snake venom esterases have been extensively reviewed 
by Zeller.*® 

’* E. A. Zeller, Experientia 3, 375 (1947). 

F. Bovet-Nitti, Experientia 3, 2^ (1947). 

’»P. Holton, Biochem. J. 43, P13 (1948); H. Blaschko and P. Holton, Brit. J. 
Pharmacol. 4, 181 (1949). 

E. A. Zeller and D. C. Utz, Helv. Chim. Acta 32, 338 (1949). 

E. A. 2^11er and A. Maritz, Helv. Physiol. Pharmacol. Acta 3, C19 (1945). E. 
A. Zeller, ibid. 6, C36 (1948); Helv. Chim. Acta 32, 94 (1949). Zeller has regarded snake 
venom esterase as a new type of choline ester-splitting enzyme (‘*c-type**), but in 
later papers he includes this enzyme in the group of AChE. 

*• E. C. del PoEO, BHt. J. Pharmacol. 8, 219 (1948). 
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is very extensive and has been reviewed previously.® The blood ChE is 
located in the plasma of most species, but the esterase is absent or present 
in very low concentration in the blood of certain animals (ruminants, birds, 
fish) 17,26,79 The high ChE activity of horse serum in contrast to that of 
ox serum has been used to differentiate the two sera from each other.®® 
Serum and plasma of the same species have the same activity. The activity 
in normal human beings varies markedly. The serum of most species con¬ 
tains, in varying proportions, a mixture of ChE and AChE.^’^ ®^ Human 
and horse serum contain predominantly ChE, whereas rabbit serum con¬ 
tains mainly AChE. In addition, some sera seem to contain ordinary 
esterases such an aliesterase of human plasma accounts for 5 to 20% 
(depending on the substrate) of the aliphatic esterase activity of the 
plasma.®® 

Other Sources, ChE is the predominant esterase in pancreas,^^ and it 
occurs presumably in other tissues, e.gr., human ovaryHarderian glands, 
brown fat, uterus, liver,®® and testis®® of rat. The enzyme seems to be absent 
on the whole from the tissues of ruminants.^® ChE is present in the parotid 
glands of pig and guinea pig; in dog and cat parotids AChE is present as 
well, and in the parotids of rabbit and cow AChE is present alone. 

3. Tissues Containing Esterases op Unknown Type 

In most othei cases definite conclusion cannot yet be drawn regarding 
the specificity. In many cases it is not even shown whether it is justified 
to speak about AChE or ChE or an aliesterase. The earlier investigations 
have been concentrated on the degree of esterase activity rather than on 
the type of enzyme present. Almost all tissues possess ACh-splitting ac¬ 
tivity.® Only in very few cases such esterases are absent, e.g., saliva, gastric 
juice, gall bladder, bile, urine, and milk. 

In the liver of guinea pigs and rats there is an esterase capable of split¬ 
ting benzoylcholine, but not of hydrolyzing ACh.*® ®^ A similar esterase is 
present in the kidney of guinea pig and cow.®® There is, however, no reason 
for suggesting a specific “benzoylcholine esterase” as these enzymes do 
split noncholine esters at a higher rate. 

The esterase content of invertebrate tissues has been extensively re¬ 
viewed.®®’®® Generally, AChE is present in nervous and muscular tissues. 
Squid ganglion,®® the dorsal longitudinal muscle of the flatworm Ceie- 
bratulus lacteus,^^ and the dart sac of Helix^ have very high activity. In 
the protozoans neither esterase nor ACh are present. As a rule coelen- 

J. M. Gunter, Nature 167,369 (1946). 

•® D. Vincent and J. Broca, Ann, pharm.frang, 4, 187 (1946). 

R. D. Hawkins and B. Mendel, Brit, J, Pharmacol, 2, 173 (1947). 

•* D. H. Adams and V. P. Whittaker, Biochem. J. 44, 62 (1949). 

C. Huggins and S. H. Moulton, J, Exptl. Med, 88, 169 G948). 

H. Blaschko, T. C. Chou, and I. Wajda, Brit. J. Pharmacol, 2, 108, 116 (1947). 

** C. L. Prosser, Physiol, Revs, 26,337 (1946). 

C. C. Smith, B. Jackson, and C. L. Prosser, Biol. Bull, 79, 377 (1940). 
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terates do not show esterase activity. In worms and crustaceans consider¬ 
able quantities of ACh-hydrolyzing enzyme are often present; the esterase 
in Lumbriciis muscle is of the AChE type.*^ The blood of these animals has 
no or very low activity. This is also the case with spiders and insects. The 
blood of mollusks has high esterase activity. The enzyme is lacking in the 
purple cyst of Murex] from this animal Erspamer®^ has isolated a new 
choline derivative (murexine) which has marked ACh-like action but is 
not acted upon by any esterases. The enzyme is present in the blood of 
echinoderms, but absent in that of the tunicates. 

Bacteria in some cases have been found to have a low ACh-splitting 
activity.®® 


V. Enzyme Preparations 

1. Acetylcholine Esterase 

The AChE of red blood cells may be obtained by adsorbing the enzyme on infu¬ 
sorial earth,or by extracting** it with ammonia solution of pH 8.3. By adding hydro¬ 
chloric acid to pH 6 to a hemolyzate,*® AChE is precipitated together with the stroma 
and can then be eluted with lysolecithin.** Other methods have been described.®* 

A method for the purification of AChE from the electric organ by fractional am¬ 
monium sulfate precipitation is described.^*In the solutions obtained, 1 mg. of 
protein splits 20,000 to 21,000 mg. of ACh per hour. The AChE activity of brain has 
been separated into two fractions.** The greatest difficulty in the purification of the 
enzyme from brain is to obtain it in solution. 

The AChE from snake venom has also been purified.** 

2. Cholinesterase 

Purified preparations of serum ChE can be obtained by fractional precipitation 
with ammonium sulfate,** Serum ChE is then precipitated in the albumin fraction. 
More careful separation of the plasma proteins into fractions** has shown that the 
esterase is associated with the a- and ^-globulin fractions,** which are close to the 


V. Erspamer, Experientia 4, 226 (1948). 

** K. Schaller, Z. physiol. Chem. 276,271 (1942). D. Vincent and J. de Prat, Compt. 
rend. soc. hiol. 139, 1148 (1945). 

** J. Mentha, H. Sprinz, and R. Barnard, J. Biol. Chem. 167,623 (1947). 

*»S. Palpus, Arch. Biochem. 12, 163 (1947). 

** H. Scheiner, Compt. rend. soc. hiol. 142, 36 (1948). G. Arragon and E. Sala, Bull, 
soc. chim. hiol. 80, 61 (1948). 

*» J. M. Little, Am. J. Physiol. 168, 436 (1948); 166, 60 (1948). 

** D. K. Chowdhury, Science and Culture 8, 238 (1942), quoted from Chem. Ab¬ 
stracts 87, 1468 (1943); Ann. Biochem. and Exptl. Med. {India) 4, 77 (1944). 

** E. Stedman and E. Stedman, Biochem. J. 29, 2563 (1935). T. L. McMeekin, 
J. Biol. Chem. 128, P66 (1939). M. Faber, Acta Med. Scand. 114, 72 0943). K.-B. 
Augustinsson, Arkiv Kemi Mineral. Geol. 18A, No. 24 (1944). F. Strelitz, Biochem. 
88,86 (1944). 

** Review: J. T. Edsall, Advances in Protein Chem. 8,384 (1947). The separation of 
ChE from other plasma proteins has recently keen described by D. M. Surgenor, L. 
E. Strong, H. L. Taylor, R. S. Gordon, Jr., and D. M. Gibson, J, Am. Chem. Soc. 
71, 1223 (1949). 

•• D. Glick, S. Glaubach, and D. H. Moore, J. Biol. Chem. 144, 525 (1942). 



456 


KLAS-BEBTIL AUGU8TIN880N 


serum albumin. A crystalline serum mucoprotein with high ChE activity is de- 
scribed,*^ as well as a preparation from dog pancreas.®* 

Vl. Activators and Nature of the Active Groups 

Although much chemical work has been carried out with choline ester¬ 
splitting enzymes, little is known about the nature of the active groups of 
AChE and ChE. The enzymes are inactivated by dialysis and then reac¬ 
tivated by adding the dialyzate^ or certain bivalent metallic ions.®®~^®^ 
The activating effects of Ca“^, Mg“^, and Mn+^ are well established, but 
there are different opinions regarding the amplitude of these effects. Other 
bivalent ions (Sr'^^', Cd"^) activate weakly or not at all. Regarding 

the actions of monovalent ions (K'^' and Na+) the disagreement has been 
considerable; they are resolved, however, at least partly if we note that 
both AChE and ChE from various sources have been studied under various 
conditions. These ions seem to activate the AChE of Torpedo electric 
organ,rat serum,and erythrocjrtes.'^-*^ Serum ChE is said*®**®* to be 
very little influenced by K+. The observed shift of optimum activity of 
AChE to higher ACh concentration with increasing salt concentration*®* 
has not been confirmed.*® Activity determination must be carried out under 
optimum conditions with respect to salt concentration. A medium giving 
optimum activity is the following: 0.15 M sodium chloride, 0.04 M mag¬ 
nesium chloride, and 0.025 M sodium bicarbonate. 

Some organic substances have been reported to activate the esterase 
activity. Reduced glutathione activates both serum ChE*®* and the AChE 
of the electric organ,** Certain amino acids (e.g., arginine, lysine, histidine) 
potentiate the activity of serum ChE.*®® The observed activation in vivo 
by vitamin C is still under discussion.*®* In female rats the activities of 
brain AChE and serum ChE seem to be reduced in E-avitaminosis;**" 
the activity may be regained by adding DL-a-tocopherol acetate to the 

R. Bader, F. Schtttz, and M. Stacey, Nature 164, 183 (1944); 166, 239 (1945). 

** B. Mendel and D. B. Mundell, Biochem. J. 37, 64 (1943). 

®® L. Massart and R. Dufait, Emymologia 6, ^2 (1939); Bull. soc. chim. biol. 
21, 1039 (1939); Nature 146, 822 (1940). G. Scoz and G. de Michele, Boll. eoc. ital 
biol. sper. 19, 24 (1944). 

B. Mendel, D. Mundell, and F. Strelitz, Nature 144, 479 (1939); 146, 822 (1940). 

D. Nachmansohn, Nature 146, 513 (1940). 
iw D. Glick, Nature 148, 662 (1941). 

B. Mendel and H. Rudney, Science 102, 616 (1946). 

Keeser, Klin. Wochsehr. 17, 1811 (1938). 

E. Aron, A. D. Herschberg, and E. Frommel, Helv. PhysioU Pharmacol. Acta 
2, 495 (1944). 

O. Granzner, Folia Haematol. 63, 217 (1939). A. Rubino, Ormoni 2, 696 (1940). 
E. Frommel, A. D. Herschberg, and J. Piquet, Helv. Phyeiol. Pharmacol. Acta 1, 
229 (1943); 2, 607 (1944). A. D. Herschberg and E. Frommel, Compt. rend. aoc. phya. 
hiat. nai. Oenbve 61,33 (1944). E. Frommel and J. Piquet, ibid. 63,113 (1946). 

*«7H. Bloch, Helv. Chim. Acta 26, 793 (1942). W. Hess and G. Viollier, ibid. 31, 
381 (1948). 
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vitamin E-frae diet of controls. A substance in incubated rat heart augment¬ 
ing tile esterase activity of rat heart muscle has been described.'*’* 

The fact that the AChE of electric tissue, the molecular weight of which 
is about 3 million, is inhibited by those substances (e.g., maleic acid, 
oxidized glutathione) which are capable of transforming sulftydryl groups 
to disulfide groups caused Nachmansohn and Lederer" to assume that the 
enzyme molecule contains sulfhydryl groups. Muscle AChE is also in¬ 
hibited by cystine.'®* This view is supported by the inhibitory effect on 
brain AChE of certain organic arsenicals which are said to be specific 
inhibitors of sulfhydryl enzymes."® 

Serum ChE also is supposed to contain active sulfhydryl groups. This 
enzyme, however, seems to be very resistant to oxidizing agents;"* cystine 


AChE ChE 



Fig. 1. Models of acetylcholine esterase (AChE) and cholinesterase (ChE) (modi¬ 
fied from Zeller and Bissegger^* *®). Black circles, ester group; black half-circles, 
ester-combining group of the enzyme; white circles, positively charged group of 
ACh; white half-circles, negatively charged group of AChE. (a) Normal linkage of 
AChE with ACh. (6) Form of linkage produced by excessive ACh concentration. 

(c) Linkage of noiicholine esters (c-fiF., triacetin, jS-chloroethyl acetate) with AChE. 

(d) Linkage of ChE with ACh. (e) Linkage of noncholine esters methyl bu¬ 
tyrate) with ChE. Cf. Sect. VII—2a. 


has practically no effect.*® •"* The activity of Helix Hood AChE is also un¬ 
influenced by cystine.*® 

A possible heme nature of serum ChE has been assumed,*" but no real 
support for this hypothesis has been revealed. Although the existence of a 
coenzyme for AChE or ChE has not yet been established, Kraupp and 
Werner"® have made the interesting observation that horse serum ChE 
can be partially separated into two components, one having an active acid 
group with pAT of about 6.0, the other having an isoelectric point between 

*•• M. Wright and B. Mendel, J. Biol. Chem. 166, 389 (1946). 

'*•• W. Riechert and E. Schmid, Arch, expll. Path. Pharmakol. 199, 66 (1942). 

***• E. S. 0. Barron and T. B. Singer, Science 97, 356 (1943). 

"* J. J. Gordon and J. H. Quastcl, NaturelfH, 97 (1947); Biochem.J. 49, 337 (1948). 

W. C. Stadie, B. C. Riggs, and N. Haugaard, J. Biol. Chem. 161, 175 (1945). 

'*• P. Weis and K. Repke, Arch, exptl. Path. Pharmakol. 204, 323 (1947). 

R. D. Barnard, Proc. Soc. Exptl. Biol. Med. 64, 254 (1943); Science 104, 331 
(1946). 

*'*0. Kraupp and G. Werner, Arch, intern, pharmacodynamie 76, 288 (1947); 
76,1,13 (1948). 
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pH 3.0 and 5.0. A partly purified enasrme preparation*® from horse serum 
had the isoelectric point at pH 4.4. Data for the isoelectric point of AChE 
have been reported for erythrocyte (4.7)*® and snake venom esterases (5.55 
and 5.9).“® 

Unlike ChE, AChE activity is depressed by excess of ACh. The Murray- 
Haldane interpretation of such a mechanism is very well fitted to the reac¬ 
tions of AChE.*® •**•** It has been used by Zeller and Bissegger for tenta¬ 
tive models of the two enzymes (Fig. 1). 

VH. Kinetics 

1. Effect of Concentration of Enzyme 

Direct proportionality between reaction rate and esterase concentration 
is usually found, provided the substrate concentration is continually in 
excess. Several investigations have dealt with this relationship for serum 
ChE,*®'®* nerve AChE,®* and a series of other choline ester-splitting en¬ 
zymes.*® Large dilutions partially inactivate serum ChE.'** 

The turnover number of serum ChE has been reported**® to be 1500 
molecules of ACh and 3500 molecules of butyrylcholine per second at 30°. 
A very high value for the AChE of electric organ (300,000 molecules of 
ACh per second at 25°) has been proposed.®* The molar concentration of 
active ChE centers in 4.54% dog serum has been estimated'** to be less 
than 1.8 X lO"®. 

2. Effect of Concentration of Substrate 

The study of the relationship between esterase activity and concentra¬ 
tion of the substrate has been of great interest in the development of our 
knowledge of these enzymes. This relationship, discussed in detail in some 
reviews,** •*®'*® was one of the first clues in the separation of AChE and 
ChE (Sect. II). High concentration of ACh inhibits AChE activity; this 
is not the case with ChE. 

o. Inhibition of Acetylcholine Esterases by Excess of Acetylcholine 

The inhibition of erythrocyte AChE by excess of ACh was first observed 
by Allcs and Hawes.** This finding was confirmed and extended to the 
esterases of brain and other tissues (Sect. II). It may be accounted for in 
terms of the theory brought forward by Murray and Haldane:**® a complex 
of the enz 3 nne with two molecules of the substrate is formed at high sub¬ 
strate concentrations; this complex is incapable of yielding acid and alcohol 

•*• D. K. Chowdhury, Ann. Bioehem. Exptl. Med. (India) 6 , 91 (1946). 

*** 0. Kraupp, Z. Vitamin-, Mormon- u. Fermentforech. 2, 179 (1949). 

»• L. H. Easson and E. Stedman, Proe. Roy. Soc. London B121,142 (1936). 

"* A. Goldstein, J. Oen. Physiol. 27,529 (1944). 

>** D. R. P. Murray, Bioehem. J. 24, 1890 (1930). J. B. S. Haldane, Enzymes, 
Longmans, Green, London, 1930. 
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(see Fig. 1). A symmetric bell-shaped curve is obtained when the hydrolysis 
rate is plotted against the logarithm of the ACh concentration, pS. 

These are the experimental results for the esterases of nervous tissue, 
electric organs, erythrocytes, the blood of Helix, and snake venom. Fig. 2 
shows the pattern of the AChE of electric organs, typical for all esterases 



Fig. 2. Activity-pS curves for the enzymatic hydrolysis of various esters by the 

AChE of Electrophorus electric organ.** Cf. Fig. 3. •-• Acetylcholine (ACh); 

•-• propionylcholine (PrCh); •-• butyrylcholine; O-O acetyl-j8- 

methylcholine; X-X triacetin (TA); bv, fi\. carbon dioxide evolved in 30 min. 

(extrapolated values). 

of the AChE type (propionylcholine is split at a lower rate or at the same 
rate at ACh, and butyrylcholine is not split at all). The relationship be¬ 
tween activity and substrate concentration is the same for ACh and 
propionylcholine; it may, however, differ for a given enzyme when other 
substrates are used.*® Erythrocyte AChE splits acetyl-jS-methylcholine at 
a lower rate than ACh at low substrate concentration, but at a higher 
rate when the substrate concentrations are high. This shows that, although 
both esters inhibit the enzyme in high concentration, the optimum sub- 
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strate concentration is not the same for the two esters. Acetylsalicyl- 
choline** and triacetin,*^ which are also split by this enzyme, do not inhibit 
the enzyme activity at high concentration. In the case of triacetin,***^* 
this has been demonstrated with AChE from various sources. At high sub¬ 
strate concentration the rate of hydrolysis ot triacetin may be even higher 
than that of ACh.*^ Therefore, estimating the hydrolysis rate at one arbi¬ 
trarily chosen substrate concentration, a distorted picture may be ob¬ 
tained. In all cases the affinity of AChE is much higher for ACh than for 
noncholine esters. 

The AChE activity has an optimum at 3 X 10"* M ACh and the disso¬ 
ciation constant (/fg) of the AChE-ACh complex is 5 X 10"1 In pernicious 
anemia the K% value is increased about threefold.^*^ 

6. No Inhibition of Cholinesterases by Excess of Acetylcholine 

Serum ChE, acting upon ACh, gives a familiar dissociation curve, As = 
2 X 10"*, and ACh of high concentration does not inhibit.** •“**‘“*^** This 
is characteristic of ChE, which splits propionylcholine at a higher rate 
than ACh, and butyrylcholine at a still higher rate. All these esters give 
the same value of K, The activity-pS curves are not the same for various 
substrates (Fig. 3). Benzoylcholine and acetylsalicylcholine in high con¬ 
centration depress the activity.** The affinities for noncholine esters are 
definitely lower than for the choline esters. 

3. Effect of Concentration of Hydrogen Ions 

Serum ChE is completely destroyed at pH 2; on the alkaline side the 
enzyme activity starts to decline at pH 11 . 20.124 Erythrocyte AChE is com¬ 
pletely destroyed at pH 4.5 and its stability at alkaline reactions seems 
also to be less than for serum ChE.*® Brain AChE behaves like erythrocyte 
AChE in this respect.*** 

The optimum pH**® **® of serum ChE is 8.0 to 8.5. The value for erythro- 
C 3 rte AChE has been reported** to be somewhat lower, pH 7.5 to 8.0. 

4. Effect of Temperature 

The esterases are fairly stable in tissue extracts. Purified preparations 
in high dilution are very unstable and must be stabilized with gelatin. 
Hemolyzed blood collected aseptically and preserved for many years in 
the dark at room temperature loses only a few per cent of its original ac- 

J. C. Sabine, Federation Proc, 8, 136 (1949). 

D. Click, Biochem. J. 81, 621 (1937). 

*« G. 8. Eadie, J. Biol, Ckem, 146,86 (1942). 

P. Strelitz, Biochem, J, 88, 86 (1944). V. V. Mihailesco, Bull. acad. mid. Rou- 
manie 18, 61 (1946). 

K. -B. Augustinsaon, Nature 168, 303 (1946). 

*2* E. Werle and H. Uebelmann, Arch, exptl. Path. Pharmakol, 188, 421 (1938). 
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■Fia. 3. Activity-pS curves for the enzymatic hydrolysis of various esters by a 

purified esterase preparation from human plasma.'* Cf. Fig. 2. O-O Benzoyl- 

choline; X-X methyl butyrate; other symbols as in Fig. 2. 

tivity At about 56® the enzymes begin to be destroyed; at 70® the activity 
is quite lost. Evaporation of blood and tissue extracts gives active dry 

D. KeUin and Y. L. Wane. BiocAsm. J. 41.4fll fKMTi 
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powders;*" drying with acetone, however, destroys the enzymes." The 
freezing-drying process does not affect the activity.** •**•*" 

The temperature coefficient {Ku-») of ACh hydrolysis by serum*® 
is 1.36. The optimum temperature of serum ChE and nerve AChE is 37 to 
40®. 


5. Effect of Light and Otheb Radiations 

Visible light causes a reversible increase in serum ChE activity.*** This 
enzyme is unaffected by ultraviolet and fluorescent light.*** No definite 
effect of X-rays on serum ChE has been reported.*** 


Vm. Inhibitors 


A great variety of compounds are known to inhibit the enz 3 rmatic hy¬ 
drolysis of ACh. A comprehensive list of such “anticholinesterases”*** has 
been published elsewhere.*** The inhibitory action of many compounds, 
however, is observed in fairly high concentration. The most active inhibitors 
of AChE and ChE can be classified in four groups: (/) quaternary ammo¬ 
nium bases (prostigmine, methylene blue); (;?) physostigmine and other 
urethans; (S) alkyl fluorophosphates (DFP); (4) alkyl polyphosphates 


{CH,)iN 



OCON(CH,), 


Prostigmine 


CII, 


CHiNHCOO 


II ! 


CH, CH, 


Physostigmine (Eserine) 


'*• F. Bernheim and M. L. C. Bernheim, J. Pharmacol. Exptl. Therap. 57, 427 
(1936). 

C. B. Anfinsen, O. H. Lowry, and A. B. Hastings, J. Cellular Comp. Physiol. 
20, 231 (1942). 

'iw D. Click, Proc. Soc. Exptl. Biol. Med. 40, 140 (1939). 

E. Engelhart and 0. Loewi, Arch, exptl. Path. Pharmakol. 160, 1 (1930). 

H. Kwiatkowski, Fermentforechunglb^ 138 (1936). T. Baglioni and M. Piemonte, 
Boll. soc. ital. biol. sper. 28, 732 (1947). 

The word ^'anticholinesterase” is frequently used, especially in pharmacological 
literature, for designating a drug which is supposed to exert its pharmacological 
activity by inhibiting the enzymatic hydrolysis of ACh. The existence of a true 
anticholinesterase, that is, an inunune body (antibody) produced by animals as the 
result of parenteral injections of the esterase, has not yet been demonstrated. 

R. Ammon, Ergeb. Emymforsch. 9,35 (1943). K.-B. Augustinsson, Acta Physiol. 
Scand. 15, Suppl. 52, 28 (1948). In these reviews detailed references are found; only 
references to the recent data are given in the following. G. B. Koelle and A. Gilman 
IPkarmacol. Revs, in the Pharmacol. Exptl. Therap. 95, April, Part II, 166 (1949)/ 
have recently reviewed the pharmacological aspects of the "anticholinesterase” 
drugs. 
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Diisopropyl fluorophosphate (DFP) Tetraethyl pyrophosphate (TEPP) 

TABLE I 

Inhibitors Used in Determining Types op Acetylcholine-Splitting Enzymes 


Compound Ref. No. 


Selective Inhibition of AChE 

Methylhydroxy purines. 15, 136 

Priscol. 136 

Di- (2-chloroethyl) -methylamine. 137 

Neurine. 26 

N-p-Chlorophenyl-N-methylcarbamate of m-hydroxyphenyl-trimethyl- 
ammonium bromide (Nu-1260). 137o 


Selective Inhibition of ChE 

Pyrazolone derivatives. 16,138 

Percaine, procaine. 16, 139 

Privine. 136 

Sulfonamides. 15, 140 

Tri-o-cresyl phosphate. 67 

Quinine, quinidine. 136, 141 

Paludrine. 84 

Curare (intocostrin). 142 

Eucupine. 143 

Phenanthrene amino alcohols. 144 

Dimethylcarbamate of 2-hydroxyphenylbenzyltrimethylammonium bro¬ 
mide (Nu-683). 145 

DFP. 81 

Amidone. 146 

:V-Diethylaminoethylphenothiazine hydrochloride. 147 


D. Nachmansohn and H. Schneemann, J, Biol. Chem. 169, 239 (1946). 

B. Schftr-WQthrich, Helv. Chim. Acta 26, 1836 (1943). 

D. H. Adams and R. H. S. Thompson, Biochem. J. 42,170 (1948). 

R. D. Hawkins and B. Mendel, Biochem. J. 44, 260 (1949). 

E. A. Zeller, Helv. Chim. Acta 26,1099 (1942). 

**• A. Denys and J. L4vy, Compt. rend. soc. biol. 141, 653, 736 (1947). 

E. A. Zeller, Helv. Chim. Acta 26,216 (1942). 

M. M. Harris and R. S. Harris, Proc. Soc. Exptl. Biol. Med. 66, 223 (1944). 

P. Zamboni and W. Ferrari, Boll. 8oc. med. chir. Modena 46, 436 (1945). 

C. I. Wright, J. Pharmacol. Exptl. Therap. 87, 109 (1946). 

R. D. Hawkins and J. M. Gunter, Biochem. J. 40, 192 (1946). H. Blaschko, E. 
BUlbring, and T. C. Chou, Brit. J. Pharmacol. 4, 29 (1949). 

‘••M. E. Greig and R. S. Howell, Proc. Soc. Exptl. Biol. Med. 68, 362 (1948). 

J. J. Gordon, Nature 162, 146 (1948). 
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(TEPP). Some other compounds, the pharmacological actions of which 
have been discussed in connection with their inhibitory effect on these 
enzymes, will be considered as a fifth group. 

The actions of certain inhibitors of choline ester-splitting enzymes have 
been used to differentiate AChE and ChE. Table I lists such compounds. 
The problem of the relationship between specific structural configuration 
and inhibitory capability can only be obtained if the effect of an inhibitor 
is studied under various experimental conditions. In the system enzyme- 
substrate-inhibitor the concentrations of all these components must be 
varied one after the other. Detailed studies of that kind, however, with 
the compounds listed in Table I, have in many cases not yet been per¬ 
formed. Recent studies on the kinetics of the inhibition of ChE®‘ ‘“ and 
AChE,*‘ ‘^‘'i<* “® respectively, have given us valuable information of the 
mechanism of this action and cleared up many previous contradictions. 

1. Quaternary Ammonium Bases 

All quaternary anunonium bases (except betaine) are strong inhibitors 
of AChE and ChE. They are said to be more active on brain AChE than 
on serum ChE, while tertiary amines seem to inhibit the serum ChE more 
powerfully. 

o. Choline and its derivatives inhibit the blood serum ChE reversibly 
and competitively. Contradictory results have been obtained with the 
AChE from various other sources. This probably is due to the fact that 
choline causes a shift of optimum ACh concentration to higher concentra¬ 
tions.*® The action on Helix blood AChE is such that, at high substrate 
concentration, choline may even have a weak activating effect on the en¬ 
zyme activity. 

Muscarine, chemically closely related to choline, is a strong inhibitor 
of serum ChE. 

b. Methylene blue and other basic dyes are strong inhibitors of serum 
ChE“* and the AChE of brain and erythrocytes.*® This action is due to the 
presence of the quaternary ammonium ion, for the leuco form has no effect. 

c. Proatigmine is a strong inhibitor of both AChE and ChE. This action 

“•0. H. Straus and A. Goldstein, J. Oen. Physiol. 26, 559 (1943). A. Goldstein, 
ibid, 27, 529 (1944); Federation Proc, 7, 223 (1948). 

C. I. Wright and J. C. Sabine, J. Pharmacol. Expll. Therap. 93, 230 (1948). 

D. Nachmansohn, M. A. Rothenberg, and E. A. Feld, J. Biol. Chem. 174, 247 
(1948). 

Augustinsson and D. Nachmansohn, J. Biol. Chem. 179, 643 (1949). 
Most of the results in this paper has recently been confirmed by A. S. V. Burgen, 
Brit. J . Pharmacol. 4, 219 (1949), see also J. A. Bain, Proc. Soc. Exptl. Biol. Med. 72, 
9 (1949). 

*** M. C. Sanz, Helv. Physiol. Pharmacol. Acta 3, C14 (1945). 

L. Massart and R. P. Dufait, Enzymologia 9, 364 (1941). P. Klein, Biochem. 
Z. 317, 210 (1944). K.-B. Augustinsson, Acta Chem. Scand. 4, 5^ (1950). 
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is due to its being a urethan derivative and quaternary n-rnmnninm base. 
The action of prostigmiqe is a reversible and competitive one. The optimum 
ACh concentration for AChEl is changed to higher concentrations in the 
presence of pro8tigmine“® (Fig. 4). Consequently, prostigmine at high ACh 
concentration (10-® to 10“* Af) lowers the activity of AChE much less 
than that of serum ChE. The dissociation constant (A,) for the AChE- 
prostigmine complex is 1.6 X 10“’. 

It is not clear whether the bcnehcial results obtained with prostigmine 
in myasthenia gravis can be ascribed only to its inhibitory action on the 
enzymatic hydrolysis of ACh. More recent investigations on the pharma- 



Fio. 4. Activity-pS curves for the enzymatic hydrolysis of ACh by AChE {Elec- 
trophorus electric organ) in the presence of prostigmine bromide.**® Prostigmine 
concentration X 10" M: (1) 0, (2) 4.0, (3) 10.0, (4) 20.0, (5) 100.0. 

cology of prostigmine suggest that some of the effects of this substance are 
not related to the action on AChE (or ChE).'“ 

A great number of analogs of prostigmine have been prepared‘s and 
their activities as esterase inhibitors determined. The dimethyl carbamate 
of 2-hydroxy-5-phenylbenzyltrimethylammonium bromide (Nu-683) is said 
to inhibit serum ChE selectively.‘^*^ Recent observations on the actions 

*** C. Heymans, Experiential, 260 (1946). C. Heymans, R. Pannier, and R. Verbeke, 
Arch, intern, pharmacodynamie 72, 405 (1946). W. F. Riker, Jr., and W. C. Wescoe, 
J. Pharmacol, Exptl, Therap, 88 , ^ (1946). See also M. Guggenheim, Schweiz, med, 
Wochachr, 77, 657 (1947). 

J. A. Aeschlimann and A. Stempel, tn Emil Christoph Bareli Jubilee Volume, 
Hoffmann-La Roohe, Basle, 1946, p. 306. 
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of these substances on end plate potential have thrown light on the de¬ 
tailed mechanisms involved in neuromuscular transmission.^^^ 

d. Curare^ recently shown to contain quaternary ammonium bases, is a 
powerful inhibitor of ACh-hydrolyzing esterases. Pure curare preparations 
(c.jf., D-tubocurarine), however, do not inhibit dog serum ChE and the 
AChE of insect nerves.^*® The curarelike action of polymethylene bis- 
quaternary ammonium salts are said to be related to their inhibitory 
action on AChE.*^^ 

2. Physostigmine and Other Urethans 

a. Physostigmine (eserine), the most important alkaloid derived from 
the Calabar bean, protects ACh from enzymatic hydrolysis in 10*“® Af 
concentration and its pharmacological action is probably accounted for by 
this. The drug combines reversibly with the enzyme and this reaction is a 
slow one. Detailed studies on the mechanism of action of physostigmine 
on serum ChE^^* have shown that one molecule of the drug combines with 
one center of ChE; /fi is 3.11 X IQ-*. Similar results have been obtain^ 
with AChE (electric tissue^^®; for this enzyme,*®® Ki is 6.1 X 10~®. Physo¬ 
stigmine changes the activity - ACh concentration relationship only slightly 
at high inhibitor concentration. At high ACh concentrations, therefore, 
this drug has a much stronger inhibitory effect than prostigmine. Physo¬ 
stigmine probably affects two different active groups of AChE.*®® 

The inhibition of horse serum ChE has been proposed*®® as a method 
for the estimation of physostigmine at low concentration (lO"*® to 10"® M). 

b. Other Urethans, The action of physostigmine on the enz 3 anatic hy¬ 
drolysis of ACh has been suggested to be due to the iirethan group. Other 
urethans (e,g,, miotine; prostigmine also is a urethan) have an effect 
similar to that of physostigmine. Urethan itself, however, has very little 
activity as an inhibitor and phenol bases containing no urethan group 
an action like physostigmine.*®® 

3. Alkyl Fluorophosphates 

These substances act as powerful inhibitors of AChE and ChE both 
in vivo and in vitro. The dimethyl ester was the first to be investigated.*®* 

*** J. C. Ecoles and W. V. MacFarlane, J, Neurophyaiol. 12, 59 (1949). 

A. R. McIntyre and R. E. King, Science 97, 69 (1943). A. G. Richards, Jr., and 
L. K. Cutkomp, J. Cellular Comp. Physiol. 26, 57 (1945). 

R. B. Barlow and H. R. Ing, Brit. J. Pharmacol. 8 , 298 (1948). 

J. A. Cohen, F. Kalsbeek, and M. G. P. J. Warringa, Biochirn. el Biophys, Acta 
2, 549 (1948). 

S. Ellis, F. L. Plachte, and O. H. Straus, J, Pharmacol. Expll. Therap. 79, 
295 (1943). 

H. Bloch, Arch, exptl. Path. Pharmakol. 193, 292 (1939). 

See E. D. Adrian, W. Feldberg, and B. A. Kilby, Brit. J. Pharmacol. 2, 56 
(1947). 
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The most active one is diisopropyl fluorophosphate (DFP),‘** which is one 
of the most powerful and specific enzyme inhibitors known.'** In contrast 
to the inhibitory action of prostigmine and physostigmine, the action of 
DFP is progressive and irreversible.*** The irreversible inactivation, how¬ 
ever, is a relatively slow process.*** ACh protects AChE against the ^tion 
of DFP, which suggests that DFP acts on the same active center of the 
enz}rme molecule as ACh.**®-*** Prostigmine effectively protects the enzyme 
against the action of DFP,**® which has also been demonstrated in in vivo 
experiments.,*** The protective action of physostigmine is less pronounced.*** 
The affinity of DFP for the enz 3 me is of a similar order of magnitude to 
that of prostigmine. DFP has a stronger inhibitory action on serum ChE 
than on AChE.** P** from radioactive DFP binds to protein in amounts 
directly proportional to the degree of inhibition of AChE.*** The action on 
other enz 3 mes, including other esterases, is much less pronounced.*** 
Extensive pharmacological and biochemical studies have been carried 
out with DFP during recent years.**® Aside from its inhibitory effect on 
ACh-splitting enzymes, DFP has no action that has been conclusively 
demonstrated.*** 


4. Alkyl Polyphosphates 

The most potent inhibitors belonging to this group are tetraethyl pyro¬ 
phosphate (TEPP) and hexaethyl tetraphosphate (HETP),'** introduced 
as insecticides during the last war by the Germans. A great number of 
alkylated phosphorus compounds have been studied with respect to their 
inhibitory action on AChE (erythrocytes) and ChE (serum).*** TEPP is 
the most powerful inhibitor known. It inactivates the AChE and ChE 
irreversibly; this reaction is very fast compared with that of DFP.'*® 
ACh protects AChE against the action of TEPP. 

The inhibiting activity of these compounds on AChE seems to be re- 

H. McCombie and B. C. Saunders, Nature 167, 287, 776 (1946). 

D. Nachmansohn and E. A. Feld, J. Biol. Chem. 171, 715 (1947). 

*“ A. Mazur and O. Bodansky, J. Biol. Chem. 163,261 (1946). 

•« C/. E. C. Webb, Biochem. J. 42, P27 (1948). 

••• T. Koppanyi, Federation Proc. 8, 309 (1949). 

»•» G. B. Koelle, J. Pharmacol. Expll. Therap. 88,232 (1946). 

“• H. O. Michel and S. Krop. Federation Proc. 8, 320 (1949). See, however, B. J. 
Jandorf and P. D. McNamara, ibid. 8,210,223 (1949). 

E. C. Webb, Biochem. J. 42, 96 (1948). S. Ellis. Proc. Soc. Exptl. Biol. Med. 89, 
363 (1948). 

*** References and a comprehensive report: R. Verbeke, Arch, intern, pharmaco- 
dynamie 79, 1 (1949). 

*’* See, however, C. Heymans el al., Arch, intern, pharmacodynamie 74, 233 (1947); 
76, 416 (1048); 77, 64 (1948). 

**• K. P. Dubois and G. H. Mangun, Proc. Soc. Exptl. Biol. Med. 64, 137 (1947). 
L. E. Chadwick and D. L. Hill, J. Neurophyaiol. 10,236 (1947). 

**• R. W. Brauer, J. Pharmacol. Exptl. Therap. 92, 162 (1948). 
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sponsible for most of their pharmacological effects. The toxicity appears 
to be a function of their potency as AChE inhibitors.*’^^ 

5. Other Compounds 

The great variety of compounds tested for their inhibitory action on AChE and 
especially on serum ChE has been summarized elsewhere.**^ The most important 
features, in addition to some recent observations, will be briefly mentioned in the 
following. 

Bufotenine, the structure of which is similar to that of physostigmine, is a very 
active inhibitor. Atebrine inhibits both AChE and ChE strongly, but the new anti- 
malarial drug paludrine has little effect. No relationship has been found between the 
relative inhibiting action on serum ChE and erythrocyte AChE, respectively, and 
the antimalarial activity or chemical constitution.In the group of local anesthetics, 
which generally inhibit serum ChE more strongly than AChE (nervous system, 
erythrocytes), no connection exists between chemical constitution and inhibiting 
action on serum ChE, but a certain correlation is to be found between this action 
and pharmacological action. 

Prolonged administration of barbiturates causes serum ChE to reach low values. 
This action is said to be due to a lowering of the enzyme concentration rather than 
to an inhibition.The sulfonamides and p-aminobenzoic acid inhibit serum ChE, 
the latter being a stronger inhibitor.*^® 

Adrenaline increases the response of the muscle and the nervous system to ACh, 
but this increase is probably due to a different mechanism than an inhibition of 
AChE.*^^ 

AChE is strongly inhibited by certain chemical vesicants (chloroalkyl amines) 
and some of their pathological effects may be due, in part, to this inhibition. 
The British antilewisite (BAL) has a weak inhibiting effect.*’* 

A great variety of alkaloids has been investigated.The more potent inhibitors 
are morphine, papaverine, strychnine, sparteine, eucupine, the ergot alkaloids, and 
others. A very strong inhibitor of serum ChE is the alkaloid from Tabernanthe ihoga^ 
ibogaine, the action of which is said to be of the same order as that of 
physostigmine.*** 

Tricresyl phosphate inhibits serum ChE strongly; among the three possible isomers, 
the ortho derivative is the only one which has this action both in vivo and in w7ro.*** 

Thiamine (vitamin Bi) inhibits both ChE and AChE, but whether this action is 
physiologically important is still unsettled.*** Inconsistent results have been reported 
for the action of vitamin C. 


*’* C. Dayrit, C. H. Manry, and M. H. Seevers, J. Pharmacol, ExptL Therap. 98, 
173 (1948). H. W. Jones, Jr., B. J. Meyer, and L. Karel, ibid, 04, 215 (1948). 

*’* K. Bullock, QiLart. J. Pharm. Pharmacol, 81, 256 (1948). G. Dastugue and P. 
Dupuis, Compt, rend, aoc, biol, 148, 598,601 (1948). 

*’*F. Schatz, J, Physiol, 108, 259 269 (1943); Quart, J, Exptl, Physiol 88, 35 
(1944). E. Frommel, M. Favre, and F. Vallette, Helv, Med. Acta 16, 314 (1948). 

*” J. H. Burn, Physiol Revs, 86, 377 (1945). 

*’• R. H. S. Thompson, J, Physiol 106,370 (1947). 

*’» E. 8. G. Barron, Z. B. Miller, and J. Meyer, Biochem, J, 41,78 (1947). 

*** A comprehensive study has been performed by P. Beaujard, Reoherches sur 
les alcaloides inhibiteurs de la cholinesterase (applications toxicologiques). Doula* 

>•> b. Vincent and 1. Sero, Bull. aoc. biol. chim. 24, 1362 (1042). 

<» H. Bloch, Helv. Med. Acta 8, SuppI. 7,15 (1041); Helv. Chim. Acta 28.733 (1043). 
Q. Stttttgen, Klin. Wochachr. 28,136 (1048). 
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The only hormone which has a significant effect on serum ChE is vagotonine, a 
preparation from pancreas which increases vagal tone and slows the heart. It is said 
to combine with the same group of the enzyme molecule as does physostigmine.**^ 

In general, it is very uncertain whether the pharmacological and therapeutic 
effects of all these and other drugs are connected with the cholinergic impulses, t.e., 
with the liberation and stabilization of ACh. Anyhow, the effect on serum ChE 
cannot have any connection with these impulses and the effects of the drugs are 
intimately connected with the localization and fixation of the drugs on specific re- 
ceptors, a condition connected with the physicochemical properties of the drugs. 
_ \ 

IX. Physiological Significance of Acetylcholine-Hydrolyzing Enz3rmes 

1. ACE'rVLCHOLINE EsTERASE 

The presence of AChE is necessary for any function of ACh. What this 
function is has not yet been conclusively demonstrated. According to the 
hypothesis of chemical transmission,^ AChE is said to destroy ACh im¬ 
mediately after transmission has occurred. ACh is removed so rapidly from 
the autonomic synapses or from the junctional zones between parasympa¬ 
thetic postganglionic fibers and the muscles or glands which they supply 
that activity in response to a single nerve impulse immediately ceases. A 
nerve impulse is then able to exert a separate effect. The significantly high 
concentration of AChE at the precise place where it can play an essential 
role in such a chemical transmission can hardly be purely incidental and 
without physiological significance. The hydrolysis of ACh may be pre¬ 
vented or greatly slowed by injection of AChE inhibitors (r.g., physostig- 
mine, prostigmine, etc.); ACh then accumulates, and a single nerve im¬ 
pulse may set up a prolonged response in muscle or gland. 

Especially due to Nachmansohn and coworkers,^ the question of the 
role of ACh in the mechanism of nerve activity has been approached by 
the study of the enzyme systems involved in the formation (by choline 
acetylase) and hydrolysis (by AChE) of the ester. The activity of AChE 
has been correlated in different ways with events in the living cell recorded 
by physical methods. The following features, emerging from the study on 
AChE, are of physiological importance: (/) AChE is present in nervous 
and muscular tissues throughout the animal kingdom; AChE is located 
in the neuronal surface; (S) ACh is hydrolyzed by AChE at an extremely 
high speed (high turnover number); (4) AChE is relatively specific for 
ACh; (6) direct proportionality is found between the relative AChE con¬ 
centration and the voltage developed in the unitary elements of the elec¬ 
tric organ; {6) if AChE is reversibly inhibited, the abolition of the nerve 
action potential is reversible, and irreversible inhibition of AChE abolishes 
the action potential irreversibly; (7) absence of AChE in the brain coin¬ 
cides with death. 

M. Polonovski, D. Santenoise, and A. Pelou, Compt, rend, 80 c, hiol, 187, 115 
(1943). 
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These facts, together with those obtained with the choline acetylase 
system, form the basis of the hypothesis of Nachmansohn that AChE is 
necessary for conduction both in nerves and muscles; the release and re¬ 
moval of ACh is an intracellular process, occurring at points along the 
neuronal surface and directly associated with the nerve action potential. 

All these observations with AChE are of great interest, though the 
validity of some of them has not yet been generally accepted.* The atten¬ 
tion is centered on the problem of removal of ACh after it has performed 
its function. Therefore, it would be more strict to say that AChE is not 
essential for conduction but rather for repolarizing the nerve fiber follow¬ 
ing the action of free ACh. The hypothesis relates the electric effect not 
with the presumed electrogenic agent but with its inactivator. It does not 
give us information as to the precise point at which ACh enters the cycle 
of activity. Among other things, it would be desirable to show whether 
“the time relations of the electrical activity can be modified predictably by 
experimental changes in the acetylcholine system.’***^ It is a possibility, as 
has been claimed by Nachmansohn, that the change in the nerve membrane 
resistance, i.c., the increased permeability for ions, during the passage 
of the impulse, is due to the release of ACh and its effect on the proteins 
or lipoproteins of the active membrane. The AChE in the membrane of the 
erythrocytes may then probably be associated with permeability. It is of 
interest that Greig and Holland^®^ have observed that changes in the perme¬ 
ability of the er 3 rthroc 3 rtes may be effected by inhibitors of AChE. Their 
suggestion that the ACh-AChE system may have a w idespread function 
in maintaining the normal permeability of the living cell, is of great im¬ 
portance. Recent studies by Rothenberg'®^*’ on the permeability of the 
surface membranes of the giant axon of Squid to ions have given promising 
results in that direction. The AChE inhibitors, physostigmine and DFP, 
seem to produce an increase in membrane permeability; the rate of po¬ 
tassium penetration is decreased, that of sodium increased. 

The function of AChE in snake venom and the blood of Helix is more 
diflScult to understand. Regarding the snake venom esterase, it is a pos¬ 
sibility that the venom is a natural solution of the “membrane^’ AChE. 
The hemolytic effect of the venom is well known and it has been demon¬ 
strated that lysolecithin dissolves the esterase out of the “ghosts.**** There¬ 
fore, the venom in the hosts also may dissolve the esterase from the 
erythrocytes, or the glands in which it is produced. These glands are 
phylogenetically electric organs. 

Very few studies have been performed to correlate the AChE activity 

H. Grundfest, Ann. Rev. Phyeiol. 9, 477 (1947). 

£. Greig and W. 0. Holland, Arch. Biochem. 23, 370 (1949); Science 110, 
237 (1949). 

M. A. Rothenberg, Biochem. et Biophye. Acta 4, 96 (1960). For discussion, see 
D. Nachmansohn, ibid. 4, 78 (1950). 
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with various pathological conditions of the nervous system. Such studies, 
however, have been carried out in great number with serum ChE, but it 
must be stressed that abnormal functioning of the ACh system in the 
nervous system is not necessarily indicated by an alteration of serum ChE 

activity.i®*i37a.i83.i87 

The investigations of AChE activity at different stages of animal de¬ 
velopment have added much to our knowledge of the significance of the 
system ACh-AChE. It has been demonstrated in many ways that a rela¬ 
tion exists between AChE concentration and function during embryonic 
development. Thus, for instance, the functional maturation of the neuro¬ 
muscular apparatus of Amblystoma coincides with the development of 
AChE to a quantitatively high level.‘‘^*^“ 

2. Blood Serum Cholinesterase 

Because of the complete lack of evidence regarding the physiological 
substrate(s) of serum ChE, the physiological function of this enzyme is 
still unknown. It may be that this ‘‘transport ChE”^*® is merely a barrier 
responsible for the destruction of any ACh that leaks out into the blood 
stream and that might escape hydrolysis by AChE. It is, however, diflScult 
to understand why some animals the ruminants) have no ChE in their 
plasma. ACh injected directly into the blood vessels is rapidly destroyed 
by the ChE which undoubtedly is concerned with the vasodepressor effects 
of ACh. Pharmacologists are particularly interested in ChE inhibitors, 
because they find tliat the effects of injected ACh are prolonged, poten¬ 
tiated, or otherwise modified by these inhibitors. 

The ChE concentration in the blood of man has been studied in order to 
correlate if possible the enzyme activity with various diseases. The results 
are not easy to interpret because of the marked variation in the ChE ac¬ 
tivity of normal human beings.'®® Normal physiological processes have no 
influence on ChE. It is suggested, however, that the ChE level of human 
plasma (and of the liver) is influenced by certain sex hormones.'®' An 

B. Mendel, R. D. Hawkins, and M. Nishikawara, Am. J. Physiol. 164, 495 
(1948). 

O. Bodansky, Ann. N. Y. Acad. Sci. 47, 621 (1946). 

C. H. Sawyer, J. Exptl. ZoH. 92, 1 (1943), 94, 1 (1943). Proble^ of that kind 
are also discussed by: D. Nachmansohn, J. Neurophysiol. 3, 396 (1940); K. A. Young- 
Strom, ibid. 4, 473 (1941); B. F. Lindeman, Am. J. Physiol. 148,40 (1947); E. J. Boell, 
Ann. N. Y. Acad. Sci. 49,773 (1948); K.-B. Augustinsson and T. Gustafson, J. Cellular 
Comp. Physiol. 34, 311 (1949). 

T. Koppanyi, Bull. Johns Hopkins Hosp. 83, 632 (1948). 

A. Sawitsky, H. M. Fitch, and L. M. Mayer, J. Lab. Clin. Med. 33, 203 (1948). 

E. A. Zeller, H. Birkh&user, H. von Wattenwyl, and R. Wenner, Helv. Chim. 
Acta 24,962, 1465 (1941); 26, 2063 (1943). D. B. Mundell, Nature 163, 557 (1944). C. H. 
Sawyer and J. W. Everett, Endocrinology 39,307, 323 (1946). M. G. Levine and R. E. 
Hoyt, Proc. Soc. Exptl. Biol. Med. 70,60 (1949). 
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association between thyroid activity and plasma ChE activity has been 
proposed.^** 

Investigations carried out with a great number of patients with various 
diseases have been described.'** Reduced ChE values have been obtained in 
cases of liver diseases; the liver is supposed to be the main site of ChE 
formation.'*' '** '*^ Any increase in plasma ChE activity in patients treated 
for pernicious anemia, however, is said to be the resultant of recovery and 
not the cause of it.'** Special interest has been directed toward myasthenia 
gravis and myotonia congenita, supposed to be associated with an un¬ 
balance between the rate of liberation of ACh and the rate of its destruc¬ 
tion. However, evidence indicating that such a state of affairs actually 
exists is still lacking.'*® Serum ChE activity has been studied also in certain 
mental diseases, but the results obtained have not permitted any conclu¬ 
sions as to the relation between enzyme activity and the disease investi¬ 
gated.'*^ In general, the data obtained do not seem to have any diagnostic 
value; they may probably help in the search for a general factor governing 
the distribution of ChE. 

W. Antopol, L. Tuchman, and A. Schifrin, Proc. Soc. Exptl. Biol. Med. 36, 
46 (1937), R. D. Hawkins, M. Nishikawara, and B. Mendel, Endocrinology 43, 167 
(1948). 

See, among others: M. McGeorge, Lancet 232, 69 (1937). A.T. Milhorat,/. Ch'n. 
Invest. 17, 649 (1938). M. Faber, Studier over serumcholinesterasens variationer, 
Nyt Nordisk Forlag, Copenhagen, 1941; Acta Med. Scand. 114, 59 (1943). H. R. Butt, 
M. W. Comfort, T. J. Dry, and A. E. Osterberg, J. Lab. Clin. Med. 117, 649 (1942). 
J. de Prat, La cholinesterase du serum (application clinique), Imprimerie Moderns, 
Toulouse, 1945. E. Aron and A. D. Herschberg, Presse mid. 54, 107 (1946). P. Cristol, 
P. Passouant, C. Benezech, and J. Dutarte, ibid. 64 , 557 (1946). H. Str&ter, Over 
het specifieke- en pseudo cholinesterasegehalte bij enigen ziekten. N. V. Erven B. 
van der Kamp, Groningen, 1948. 

B. McArdle, Quart. J. Med. 9, 107 (1940). W. C. Wescoe, C. C. Hunt, W. F. 
Riker, and I. C. Litt, Am. J. Physiol. 149, 549 (1947). J. E. Davis, Am. J. Digestive 
Diseases 16,52 (1948); Federation Proc. 8 , 285 (1949). L. M. Meyer, A. Sawntsky, N. D. 
Ritz, and H. M. Fitch, J. Lab. Clin. Med. 33, 189 (1948). A. Sawitsky, M. Rowen, and 
L. M. Meyer, ibid. 34, 178 (1949). 

*** A. M. Kunkel, S. Krop, and W. C. Wescoe, Am. J. Physiol. 162, 309 (1948). 

Review: C. L. Hoagland, Advances in Enzymol. 6, 193 (1946). 

M. S. Jones and H. Tod, J. Mental Sci. 83, 202 (1937). D. Richter and M. Lee, 
ibid. 88, 428 , 435 (1942). S. Mutrux and B. Glasson, Monatsschr. Psychiat. Neurol. 
114, 20 0947). S. Platania and P. Pappalardo, Acta neurol. 2, 714 (1947); 3, 51 (1948). 
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I. Historical Introduction 

Evidence for phosphatase activity, that is to say, the enzymatic libera¬ 
tion or fixation of orthophosphoric acid, was obtained by several bio¬ 
chemists from 1907 to 1913; it did not create real interest until 1923, when 
Robison' discovered the “bone enzyme’*; the role of this enzyme in bone 
calcification was immediately shown to be important. The study of the 
phosphatases covers a large number of very diverse problems and has 
been the subject of several thousand publications; therefore, this chapter 
can provide no more than an incomplete summary and discussion of the 
results obtained up to the present time. 

The preliminary work of Suzuki, Yoshima, and Takahishi,^ MacCollum 
and Hart,* Neuberg and Karczag,^ Levene and Medigreceanu,* and von 
Euler and Funke® established that very diverse substrates liberate ortho¬ 
phosphoric acid in the presence of many animal and plant tissues. Later 
on, the demonstration of the role played by the phosphate radical in glu¬ 
cose metabolism and the advances in the biochemistry of ossification led 
numerous investigators to a study ot the phosphatases. The biochemistry 
and the physiological chemistry of these enzymes evolved simultaneously 
step by step. The individual phosphatases were separated and classified 
and the phosphatase systems of the various tissues were described. This 
portion of research on the phosphatases is about completed; on the other 
hand, the preparation of the enzymes in the pure state and the recognition 
of their active group and structure are going to require renewed efforts. 
The physiological and pathological chemistry of the phosphatases, ini¬ 
tially approached by Kay, Robison, Roberts in England and Canada, by 
Demuth in Germany and by Bodansky in the United States, has under¬ 
gone a rapid and extensive development, owing to its medical applications. 
Until now, only the role of the enzyme present in bone may be considered 
to have been elucidated; on the other hand, it is not yet possible to define 
with certainty the role of the phosphatases of the intestinal mucosa, 
kidney and prostate, tissues rich in these enzymes. Histochemistiy has 
taken a more and more important part in this field, as shown by a large 
number of recent investigations, while the pathological chemistry of the 
phosphatases concentrates on the study of the variations of phosphoes- 
terase activity of serum. These subdivisions of the study of the phospha¬ 
tases are far from exhausted, as shown by the results obtained during the 
last few years on the hormonal control of the level of these enzymes in cer- 

^R. Robison, Biochem, J. 17, 286 (1923). 

* U. Suzuki, Y. Yoshima, and M. Takahishi, J, Coll. Agr. Tokyo Imp. Untv. Bull. 

603 (1907). 

< £. V. McCollum and £. B. Hart, J. Biol. Chem. 4, 497 (1908). 

^C. Neuberg and L. Karezag, Biochem. Z. 86, 60 C911). 

* P. A. Levene and F. Medigreceanu, J. Biol. Chem. 9, 65 (1911). 

* H. von Euler and Y. Funke, Z. phyeiol. Chem. 77,488 (1912). 
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tain tissues and on the modifications of phosphatasemia during the de¬ 
velopment and treatment of cancer of the prostate. 

This brief introduction explains the selection of our plan and gives 
the reasons for the lack of precision in certain paragraphs, since our dis¬ 
cussion includes not only the data that can be logically coordinated but 
also others whose significance is still vague. In our present state of knowl¬ 
edge, the general picture of the study of the phosphatases is well defined, 
but the study itself in almost all its aspects is still in the process of being 
developed. 


n. General Biochemistry of the Phosphatases 

1. Substrates and Measurement op Phosphatase Activity 

Biological fluids and cellular extracts liberate orthophosphoric acid from 
compounds of different types. Since the phosphatases selectively hydrolyze 
some of them, it is necessary to define their nature exactly in order to study 
the specificity of these enzymes in a later paragraph. 

The esters of phosphoric acid, its amides, pyrophosphoric acid and its 
higher polyphosphoric homologues, and metaphosphoric acid are the sub¬ 
strates of the principal phosphatases. Among the first, only the monoes¬ 
ters of alcohols and phenols (R—0)0:P(0H)2, and the diesters, (R—0)20: 
P(OH), are hydrolyzed by phosphatases, and the nature of the R radical 
may, in certain instances, be a factor affecting specificity. The substrates 
of the most common of these types are the a- and /3-glycerophosphoric, 
hexosephosphoric, mono- and diphenylphosphoric acids and the nucleo¬ 
tides. The orthophosphoric triesters, which are easily hydrolyzed by acids, 
bases, or even boiling water, are not hydrolyzed enzymatically. Certain 
anhydrides of organic acids (acetic among others) and ot orthophosphoric 
acid are hydrolyzed by a specific enzyme. The same is true of pyrophos¬ 
phoric and triphosphoric acid and of their esters (adenosinetriphosphoric 
acid among others). 

Various natural or synthetic compounds endowed with these structures are com¬ 
monly employed as substrates in the study of the phosphatases. Some are chosen hy 
reason of their great sensitivity to the action of the enzymes (easily h 3 'drolyzable 
substrates such as the glycerophosphoric acids) or of their constitution, which cor¬ 
responds to a specific enzymatic activity (pyrophosphates, adenosinetriphosphoric 
acid). Others are employed because of particular properties, useful for analytical pur¬ 
poses, of the products of hydrolysis (color in the case of phenolphthaleinphosphate, 
fluorescence in that of the phosphoric esters of eosin and fluorescein, the capacity 
of phenol to give more intense color reactions than the phosphates in the case of 
phenyl phosphate). 

The study of the phosphatases is based upon the measurement of their activity 
under various conditions. The principle of this analytical operation is the determina¬ 
tion of one of the products of hydrolysis of the substrate, liberated under carefully 
standardized conditions (pH of a buffer solution free of inhibitors, constant tempera- 
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ture, suitable substrate concentration). In investigations of pure enzymology, it is 
customary to measure the initial rate of the reaction by determining the products to 
which it gives rise at various successive times. In orientation experiments and in 
investigations of physiological or medical chemistry, it is sufficient to make a single 
determination, at a time chosen in such a way that a hydrolysis of the substrate not 
surpassing 10% of the latter is achieved. Beginning with a certain degree of purity, 
it is desirable to refer the activity to milligrams of weight or of protein nitrogen act¬ 
ing during the time unit on the substrate under defined experimental conditions. 
This provides the only way for a comparison of the results obtained during purifi¬ 
cation operations or by different authors. As for the other enzymes, the absolute 
activity Qp may be expressed in mm.*, considering that one mole of orthophosphoric 
acid in the gaseous state occupies a volume of 22,400 ml. Qp is the number of cubic 
millimeters of H 1 PO 4 liberated per milligram of preparation in 1 hour under the 
chosen conditions of pH, temperature, and substrate and activator concentrations. 
The activity of tissue extracts or blood serum is expressed only in relative units. 
These can be defined only empirically and it is not possible to compare one with 
the other and, a fortiori, to convert one into the other, since they correspond to 
amounts of phosphoric acid, or of a radical bound to it, liberated from different sub¬ 
strates under nonidentical conditions. The units defined by Bodansky (amount of 
enzyme liberating 1 mg. P in 1 hour from 0.5% 8odium-/9-glycerophosphate, at pH ^.6 
and at 37®, per 100 ml. of serum)^ by Gutmann and Outmann* and by King and Arm¬ 
strong* (amount of enzyme liberating 1 mg. of phenol in a given time from 0.(X)5 M 
sodium monophenylphosphate at the optimum pH of the acid or alkaline phospha¬ 
tase and at 37°) are the most commonly employed. 

2. Substrate Specificity and General Classification of 
THE Phosphatases 

Since the beginning of research on these enzymes, it has been noted that 
the tissue extracts hydrolyze phosphate derivatives of very varied struc¬ 
tures; therefore, much work has been devoted to the identification and 
separation of specific phosphatases. The definition of phosphatase activity 
given above includes the catalysis of many reactions: hydrolysis and syn¬ 
thesis of monoesters and diesters, pyrophosphates, phosphoamides, anhy¬ 
drides of organic acids and of orthophosphoric acid, hydration of raeta- 
phosphoric acid. In addition, the cellular reactions in which phosphate 
radicals participate do not proceed autonomously but are coupled to 
others, so that their evolution takes place in cycles of reactions. For these 
two reasons, a great number of phosphatase activities have been described, 
while only certain of them offer a real specificity. 

The principal criterion employed in separating and classifying the phos¬ 
phatases is the specificity towards the substrate.*® " '* It makes it possible 
to characterize, on the one hand, the phosphatases acting on a type of bond 

* A. Bodansky, J. Biol. Chem. 101, 93 (1933). 

* £. B. Gutmann and A. B. Gutmann, J. Biol. Chem. 136, 201 (1940). 

* E. J. King and A. R. Armstrong, Canad. Med. Assoc. J. 81, 376 (1934). 

»®H, D. Kay, Biochem. J. 22, 1446 (1928). 

“ S. J. Folley and H. D. Kay, Ergebn. Enzymforach. 5, 159 (1936). 

*• Nguyen-van-Thoai, Th^ Doct. Sci. phys., Marseille, 1946, 177 pp. 



11. PHOSPHATASES 


477 


independently of the nature of the radical combined with the orthophos- 
phoric acid, and, on the other hand, those specific for a single substrate or a 
small number of substrates of closely related structure. Table I lists the best- 
known phosphatases and their principal sources. 

The corresponding enzymatic actions take place with substrates that 
have a constitution generally related to the name of these phosphatases 


TABLE I 

Substrate Specificity and Chief Sources of the Phosphatases 


Enzyme type 

Substrates 

Chief sources 

A. 

Phosphatases specific for one bond 

Phosphomonoesterases 

Orthophosphoric monoes- 

Bone, intestinal mucosa, 


ters 

kidney, fungi, seeds, 
molds, yeasts 

Phosphodiesterases 

Orthophosphoric diesters 

Liver, kidney, yeasts, snake 
venoms 

Pyrophosphatases 

Pyrophosphoric acid and 

Intestinal mucosa, kidney. 


its esters 

yeasts, fungi, molds 

Phosphoamidases 

Orthophosphoric amides 

Kidney, cereals 

Phosphoacylases 

Orthophosphoric anhy¬ 
drides of organic acids 

Muscle, liver 

B. Phosphatases specific for one or several substrates 
Adenosinetriphospha- 

tases: 

denosine triphosphate 


1. Adenylpyrophos- 


Muscle, intestinal mucosa, 

phatase 


potato 

2. Apyrase 


Muscle, potato 

Phytase 

Phytic acid 

Cereals, seeds 

Polyphosphatase 

Triphosphoric acid and 

Intestinal mucosa, molds, 


higher homologues 

yeasts 

Choli nephosphatase 

Cholineglycerophosphate 

Intestinal mucosa, snake 
venoms 

Hexosediphosphatase 

1,6-Fructosediphosphate 

Liver, kidney, yeasts 

Polynucleotidases 

Nucleic acids and polynu- 

Intestinal mucosa, pan- 


cleotides 

creas, liver 

5-Nucleotidasc 

5-NucIeoiide8 

Testis, snake venoms 

Metaphosphatases 

Metaphosphoric acid 

Kidney, molds, yeasts 


(Group A: monoesters and diesters of phosphoric acid, pyrophosphates, 
phosphoric amides, anhydrides of organic acids and of orthophosphoric 
acid; Group B: adenosinetriphosphoric acid, cholineglycerophosphate, 
fructosediphosphate, 5-nucleotides, metaphosphates). It has been possible 
to separate almost all of them from each other. However, this is not abso^ 
lute proof of their individuality, since it may suffice to destroy or block a 
functional group of the apoenzyme which preferentially fixes a substrate 
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in order to abolish the capacity of an enzyme to hydrolyze that substrate; 
this can be done without bringing about the elimination of a specific phos¬ 
phatase and the separation of another. This reservation does not apply 
to the phosphatases of group A, at least with regard to the first three, which 
are the only ones that have been extensively studied. On the other hand, 
it is of great importance with regard to the enzymes ot group B; on the list 
of the latter, only those appear whose characterization is certain beyond 
doubt. In this regard, mention should be made of the fact that the strict 
specificity of the adenosinetriphosphatases and of metaphosphatase is 
assured in the sense that it has been possible to obtain preparations of 
these enzxTiies active on a single substrate under satisfactory conditions 
of fractionation; this is not true of the others. The purest preparations of 
several enzymes of group B are not rigorously without action on sub¬ 
strates other than the one corresponding to their name. For example, it 
is possible to obtain phosphomonoesterases without phytase activity, but 
the latter cannot be isolated. In other instances, the capacity to hydro- 
l^'zc a substrate is specifically increased without complete elimination of 
the other phosphatase actions. The specificities of the enzymes in group B 
must be rochecked with purified preparations in order to prevent confu¬ 
sion. Natural factors may inhibit the breakdown of one substrate more 
than that of another and thus apparently modify the specificity. Facts of 
this type undoubtedly explain the discussion*® of the existence of an a- 
glycerophosphatasc and likewise of a hypothetical amylophosphatase.** 
Table I is not complete with regard to the enzymes of group B described 
in the literature, because of a lack of characterization of certain ones 
among them. Various authors, studying the hydrolysis of a single sub¬ 
strate, have stated without proof that this reaction is carried out by a spe¬ 
cific phosphatase (glycerophosphatase,glucosemonophosphatase,saccharose- 
phosphata.se, adenylase). Some phosphatase actions originally considered 
to be specific, e.^., that of a nucleotidase hydrolyzing all the mononucleo¬ 
tides,*® were later attributed to the enzymes of group A. The study of 
hexosediphosphatase*®* and cholinephosphatase (see p. 000) merits com¬ 
pletion like those of proteinphosphatase*® and diphosphopyridincnucleo- 
tidase,*^ which have recently been described. 

3. Isodynamics of the Phosphatases 

The demonstration of the presence in cells or body fluids of phosphatase 
activities of the same specificity but of a different pH optimum was ac- 

*• A. SchfiflTner and E. Bauer, Z. physiol. Chem. 232, 66 (1936). 

E. Waldschmidt-I.eitz and K. Mayer, Z. physiol. Chem. 236, 168 (1936). 

P. A. Levenc and R. T. Dillon, J. Biol. Chem. 88, 763 (1930). 

G. Gomori, J. Biol. Chem. 148, 139 (1943). 

»• R. M. Feinstein and M. E. Volk, J. Biol. Chem. 177, 339 (1949). 

” A. Kornberg and 0. Lindberg, J. Biol. Chem. 176, 666 (1948). 
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complished for the first time by Akamatsu,'^ Bamann and Diederichs,^* 
Bamann and Riedel,^® and Belfanti, ei Owing to the identity of the 
reactions that they catalyze, these enzymes are called isodynamic^® and 
it has been possible to base the classification of the phosphatases of group 
A on the concept of isodynamics.‘***^*“'“ Four phosphomonoesterases of 
different pH optima, three pyrophosphatases, and, less precisely, three 
phosphodiesterases have been identified. The study of the first has pro¬ 
gressed the farthest. 

The presence of several isodynamic enzymes in a medium cannot always be es¬ 
tablished by a simple study of its activity at different pH levels. The existence of 
natural inhibitors and the unequal stability of related enzymes complicates the 
observations. For example, the aqueous extract of many fungi hydrolyzes pyrophos¬ 
phates at a pH optimum of 3.8-4.0 and apparently contains a single pyrophosphatase. 
After adsorption on kaolin at pH 6.0, the same sample exhibits two pH optima (3.8 
and 6.0) of phosphatase action,*^ owing to the elimination of a natural inhibitor which 
masks one of the pyrophosphatases. The interference of another factor with the de¬ 
scription of natural mixtures of isodynamic phosphatases is illustrated by the fol¬ 
lowing facts. Mammalian red blood cells contain a phosphomonoesterase of pH op¬ 
timum >=•3.8 and two other isodynamic enzymes endow’ed with much greater stabil¬ 
ity at pH « 6.5^7.6. Unless the hemolyzates are very fresh the first of these is lacking. 
On the other hand, it becomes noticeable in the product obtained once the blood 
leaves the blood vessels and its activity is then added, at a slightly acid pH, to that of 
another phosphomonoesterase present in red blood cells together with small quan¬ 
tities of alkaline phosphatase. For this reason, the pH optimum of the red blood cell 
phosphatase acting in slightly acid solution is apparently 6.0-5.2 in fresh hemoly¬ 
zates and approaches 6.2 in proportion as the spontaneous destruction of the en¬ 
zyme acting at the pH optimum of 3.8 proceeds.** The consequence of such facts is 
that the characterization of a phosphatase by its pH optimum cannot be carried 
out with certainty except on purified preparations. 

The same remark applies to other criteria adopted for the identification of iso¬ 
dynamic enzymes, the most important being sensitivity towards modifying factars. 
It is necessary to add other elements of characterization to the pH optimum, and 
Fig. 1 *• indicates how the activation of alkaline phosphatase by Mg"^*’ differentiates 
this enzyme from the isodynamic phosphomonoesterase of pH optimum =» 5.2. But 
in this field too the results obtained with crude extracts are not alw^ays satisfactory. 
For example, the highly purified yeast pyrophosphatase of pH optimum «» 7.0 is very 
strongly activated by Mg"^, while the efficacy of the same ion on this enzyme in crude 


** S. Akamatsu, Biochem, Z. 142, 184 (1923). 

*•£. Bamann and K. Diederichs, Ber. 67, 2019 (1934); 68, 6 (1935). 

**£. Bamann and E. Riedel, Z. physiol, Chem, 889, 125 (1934). 

S. Belfanti, A. Contardi, and A. Ercoli, Biochem, J. 29, 517 (1935). 

•*S. Munemura, J, Biochem, (Japan) 17, 343 (1933). 

” J. Roche and J. Courtois, Eposis Ann. Biochim, Med, 4, 219 (1943); J. Roche, 
Helv, Chim, Acta 29, 1253 (1946). 

** Nguyen-van-Thoai, Bull. soc. chim. biol. 83, 1277 (1941). 

** J. Roche, Nguyen-van-Thoai, and J. Baudoin, Bull, soc. chim. biol. 84, 1247 
(1942). 

** J. Roche and E. Bullinger, Ensymologia 7, 278 (1939). 

” H. D. Jenner and H. D. Kay, /. BioL Chem. 93, 733 (1931). 
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extracts is so negligible that it is considered nonexistent by many authors.** Many 
contradictory results are undoubtedly due to the study of preparations that have 
different origins and degrees of purity. 

A provisional classification of the isodynamic phosphomonoesterases^***'** 
and of the pyrophosphatases*® has been elaborated on the basis of the pH 
optimum, modifying factors, and stability of these enzymes. It is sum¬ 
marized in Table II, compiled on the basis of the publications of Folleyand 
Kay“ and Roche and Courtois** on the phosphomonoesterases; the cor- 

A 



Fio. 1. Influence of Mg'^'*' ions on the phosphomonoesterases of an aqueous ex¬ 
tract of pig liver (x: no addition of MgS 04 ; • and A: addition of MgS 04 at concen¬ 
trations of —log [MgS 04 ] *■ q Mg 2 and 6) on sodium ^-glycerophosphate at various 
pH's. (Cf. Ref. 26.) 

responding table on the pyrophosphatases is too incomplete in certain 
regards to be presented here. 

Table II represents only an attempt at classification in a preliminary 
manner, since it has been set up on data obtained with preparations of un¬ 
equal purity. Nevertheless, it has rendered undeniable service in the de¬ 
scriptive study of the natural phosphatase systems. These are generally 

*• K. Bailey and E. 0. Webb, Biochem, J. 88, 394 (1944). 

** J. Roche, Nguyen-van-Thoai and J. Durand, Bull, aoc, ehim, hiol, 86, 1166 
(1943). 
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made up of mixtures of isodynamic enzjrmes, with the exception of that 
of the prostate, which contains a high level of phosphomonoesterase II 
and only traces of enzyme I, and of that of growing bone, which is very 
rich in the first and poor in the second. Most animal cells contain mainly 
phosphoesterases and pyrophosphatases that are active in an alkaline en¬ 
vironment, while plant cells largely contain those with an acid pH optimum. 
This difference is not absolute; green leaves, yeasts, and bacteria contain 
small quantities of phosphatases with an alkaline pH optimum. Owing to 
the presence of similar mixtures in the cells and body fluids, the descrip¬ 
tive study of the phosphatase systems necessarily must be undertaken 


TABLE II 

Classification of Isodynamic Phosphomonoesterases 


Type 

Optimal 

pH 

Chief sources 

Chief characteristics in cell or tissue extracts 

I 

8.6-9.4 

1 

Bone, kidney, 
intestinal | 

mucosa, 

mammary 

gland 

Activation by Mg’*'"’’; inhibition by —SH; more 
active on than on a-glycerophosphate; op¬ 

timal stability at pH « 7.5-8.5. 

II i 

5.0-5.5 

Liver, seeds, 
fungi, pros¬ 
tate 

No action of Mg"*^; inhibition by F'; more active 
on than on a-glycerophosphate; optimal 

stability at pH ■* 5.(>-6.0. 

III 

3.4-4.2 

Liver, top 
yeasts 

Inhibition by Mg'^'*’; more active on 0 - than on 

1 a-glycerophosphate; optimal stability at pH 
! - 4.5-5.5. 

IV 

5.0-6.0 

Red blood cells, 
bottom 
yeasts 

i Activation by more active on a- than on 

j /S-glycerophosphate; optimal stability at pH 
i = 6.5-7.5. 


before the separation and purification of their constituents is begun. 
Twenty years ago, this study was still one of the principal objects of re¬ 
search on the phosphatases; at the present time it has been about com¬ 
pleted and would appear to have been the initial phase of the biochem¬ 
istry of these enzymes. 

4. Hydrolytic and Synthetic Activity 

Enz3rmatic synthesis has long been studied with the aim of demonstrat¬ 
ing the reversibility of the biocatalytic action of enzymes. Investigations 
of this type are of no more than historical interest; they opened the way to 
more constructive endeavors. The synthesis of various esters, including 
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derivatives of starch aod glycogen*® by alkaline or acid phosphatasei^*•**•** 
has been shown to proceed according to the law of mass action. It is gen¬ 
erally so regular that the synthesis of glycerophosphates from glycerol and 
phosphates by the kidney enzyme has been chosen in several manuals as 
an example for the demonstration of the 8}mthetic activity of the enzymes 
in laboratory courses. Pyrophosphates have been sjmthesized in vitro 
from phosphates by intestinal pyrophosphatase.** 

The synthesis of glycerophosphoric acids in the presence of a constant 
concentration of phosphate ions is governed by the concentration of 
glycerol in the solution. The rate may nevertheless be reduced by the 
inhibitory action of phosphate ions if they are present in too high a con¬ 
centration. The reaction gives rise to a mixture of the two isomeric glycero¬ 
phosphates, generally richer in a- (up to 80%) regardless of w'hether the 
synthesis is carried out by a phosphatase of acid or alkaline optimum.**-** 

Factors affecting hydrolytic activity are in the same way activators or 
inhibitors of the enzymatic syntheses, but their action is not always eas^ 
to establish in the presence of the natural impurities of the crude tissue 
extracts usually employed. Purification of the latter greatly reduces their 
capacity to catalyze the syntheses owing to the elimination of modifying 
factors of a particular type. Purified alkaline or acid phosphatases retain 
their ability to cause hydrolysis of esters, but their synthesizing activity is 
greatly diminished in the sense that synthesis proceeds only at an extremely 
slow rate. A natural activator that increases the rate of synthesis, but does 
not appreciably increase the rate of hydrolysis of the glycerophosphates has 
been isolated from crude extracts of many animal and plant tissues;** it is 
destroyed by autolysis and its sensitivity to this process explains why the 
storage of crude enzyme preparations causes them to lose their synthesizing 
capacity. The addition of this activator to purified enzyme preparations 
restores their capacity for esterifying the alcohols; it can be replaced, at 
least partially, by amino acids (alanine and others) associated with divalent 
cations (Mg++ or Zn++) and added in optimum concentrations.** Phospho- 
creatine and substances containing an enei^-rich phosphate bond increase 
the velocity of ester sjmthesis***. A natural activator of the enzymatic 
synthesis of psrrophosphates, distinct from the one mentioned above, has 
been prepared; it cannot be replaced by other agents. 

**J. Roche, Nguyen-van-Thoai, E. Danzae, and M. SiIhol>Bem6re, Arch. tci. 
phytioL 1. 81 (1947). 

•> H. D. Kay, Biochem. J. 93. 855 (1928). 

*• H. D. Kay, Phynol. Rev$. 13. 384 (1932). 

** J. Courtois, Tbitie Doct. Sci. phya., Paris, 1938, 205 pp. 

** J. Roche. Nguyen-van-Thoai, and E. Danzas, Bull. toe. ehitn. hiol. 37.699 (1945). 

**J. Roche, Nguyen-van-Thoai and E. Danzas, Bull. toe. ehim. biol. 36. IIM 
(1944); 37. 401 (1945). 

*** O. Meyerhof and H. Green, J. Biol. Chem, 178. 055 (1949). 
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5. Kinetics or Phosphatase Action 

The kinetics of the action of phosphomonoesterases has been intensively 
studied, but only the data obtained under rigorously comparable conditions 
can be discussed since the value of the affinity constant Kv is greatly modi¬ 
fied by the presence ot impurities and is very sensitive to the pH. At the pH 
optimum and at 37®, the phosphomonoesterases I (alkaline) exhibit very 
different affinities for sodium jS-glycerophosphate {Km = 880 for the bone 
enzyme, 550 for that of kidney and liver and 80 for that of intestine under 
certain conditions).** 

A study of the kinetics of phosphatase action at different substrate con¬ 
centrations has led to an explanation of the behavior of the various enzymes 
on the substrates and the action of certain modifying factors.** The prefer¬ 
ential action of the phosphomonoesterase III of taka-diastase on /3-glycero¬ 
phosphate is due to the greater affinity, measured by the value of Km, of the 
enzyme for this isomer. On the other hand, the phosphatase of sweet al¬ 
monds, which is equally active on the two glycerophosphates, exhibits the 
same affinity for both. As stated by Albers** (p. 455), “certain compounds 
by combining with the enzyme render it unable to fix the substrate while 
others form with it complexes having a smaller catalytic activity.” The first 
are the competitive inhibitors, the second the absolute inhibitors. Competi¬ 
tion between a substrate and an inhibitor does not affect the maximum rate 
of hydrolysis of the substrate but reduces the affinity of the enzyme for 
the latter. On the other hand, absolute inhibition decreases the maximum 
rate of the reaction but not the affinity, which may actually be increased in 
the presence of the modifying factor. Finally, the same compound may 
behave as a competitive and an absolute inhibitor for different phosphatases. 
For example, sodium fluoride is a competitive inhibitor of the phosphatase 
of the prostate*® and an absolute inhibitor of the enzyme of the same type 
(II) of seeds.** In the latter instance, it reduces the maximum rate of hy¬ 
drolysis of the esters but increases the affinity of the enzyme for them. At 
low concentrations of substrate (glycerophosphates), where the role of 
affinity is the more important, F“ has a small action, but at high substrate 
levels, where the role of the maximum rate predominates, the same ion in¬ 
hibits strongly. Thus, part of the mechanism of action of phosphatase 
inhibitors on these enzymes may be interpreted within the framework of the 
classical hypothesis of Michaelis and Menten. 

•• J. Roche and H. Sarles, Compl. rend. toe. biol. 142, 917 (1948). 

•* H. Albers tn Handbuch der Enzymologie. Akademische Verlagsgescllschaft, 
Leipsig, 1940, p. 672. 

•* W. Kutscher and W. Wttst, Biochem. Z. 810, 292 (1941). 
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HI. Biochemistry of the Various Types of Phosphatases 

1. Phosphomonoesterases 

These enzymes, classified as shown in Table II, act on very many al¬ 
coholic or phenolic monoesters; the nature of the radical attached to the 
orthophosphoric acid has a limited influence on the rate of hydrolysis of 
the substrate. They are generally associated in nature with pyrophos¬ 
phatases possessing a similar pH optimum. Adsorption, though providing 
preparations of low activity, permits a separation of the two types** 
the same is true of thermal inactivation^* and inactivation by maintenance 
at different pH levels peculiar to each enzyme.The four types of phos¬ 
phomonoesterases and their properties must be described before their con¬ 
stitution and specific sources are studied. 

a. Different Types of Phosphomonoesterases, Modifying Factors 

(1) Phosphomonoesterase I or alkaline phosphatase. This enzyme is very 
widely distributed in nature. It is found in all animal cells with the excep¬ 
tion of the hyaline cartilage and the tunics of the vessels^*; but only certain 
tissues contain an elevated level: zones of growth of the bones of young 
animals, intestinal mucosa, kidney cortex, lactating mammary gland, and, 
to a smaller extent, liver and brain. White blood cells and lymphoid tissues 
are rich in this enzyme; plant cells contain little (yeasts, bacteria) or, more 
commonly, none (green plants, higher fungi). Its purification has been 
accomplished by several authors^*the starting material of choice is 
the intestinal mucosa of the dog or hog, either the fresh or spray-dried tissue 
or the residue excreted in dog feces. This purification is based on fractiona¬ 
tions with salts, acetone and alcohol and on the elimination of inactive pro¬ 
teins by adsorption or proteolysis. The most active preparations have a 
Qp == 210,000 (37®, pH 9.2, M/oO j5-glycerophosphate).*®* 

**K. Asakawa, J. Biochem. {Japan) 10, 157 (1928); 11. 143 (1929). 

S. Uzawa, J. Biochem. (Japan) 16, 19 (1932). 

H. Kobayashi, J. Biochem, (Japan) 8 , 205 (1927); 10, 147 (1928); 11, 173 (1929). 

** E. Bamann and W. Saizer, Ber. 70, 1263 (1937). 

E. Jacobsen, Biochem, Z. 242 , 292 (1931). 

♦♦ E. Bamann and M. Meisenheimer in Bamann-Myrback. Die Methoden der Fer- 
mentforschung. Thieme, Leipzig, 1941; Academic Press, New York, 1945, p. 1621. 

M. G. MacFarlane, L. M. B, Patterson, and R. Robison, Biochem. J. 28 , 720 
(1934). 

H. Albers and E. Albers, Z. physiol, Chem, 282 , 165 (1935); 232 , 189 (1935). 

A. R. Armstrong, Biochem. J. 29 , 2020 (1935). 

R. Caputto and A. Marsal, Rev. soc. argentina biol. 17, 1 (1941). 

** G. Schmidt and S. J. Tannhauser, J. Biol. Chem, 149 , 369 (1943). 

Nguyen-van-Thoai, J. Roche, and M. Roger, Biochim. et Biophys. Acta 1 , 61 
(1947). 

* The crystallization of this enzyme has been reported,** but it is probable that 
the described product is an adsorbate of phosphatase on mineral salts (King, Abdul- 
Fadl, Nguyen-van-Thoai, and Roche, Biochem. J. 44 , 428, 1949). 

»* J. Roche, Nguyen-van-Thoai, and L. Sartori, Compt. rend, soc, biol. 188 » 47 
(1944). 
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The principal properties of alkaline phosphatase are its pH optimum 
and its sensitivity toward certain modifying factors. The former exhibits 
small variations depending on the substrate being studied; it lies between 
9.2 and 9.6 for the purified enzymes, but occasionally it is slightly below 
9.0 in crude preparations. It can be determined rigorously only during a 
very short hydrolysis (30 minutes at most) owing to the rapid inactivation 
of the enzyme in alkaline solution. The action of modifying factors has 
given rise to an important series of investigations, some of which present 
contradictory results. 

Without taking up here the significance of the differences observed between prepa< 
rations of different origin, it is appropriate to discuss the meaning of other differ¬ 
ences. It has been admitted that the lessened sensitivity toward modifying factors 
of the fraction of tissue enzymes which is not extractable by aqueous solvents (des- 
mophosphatases) represents a profound difference from the soluble fraction (lyo- 
phosphatases).** As a matter of fact, this difference disappears upon prolonged 
dialysis of the first fraction owing to the elimination of natural modifying factors,^ 
and there is no reason for assuming that the l^^o- and desmophosphatases exhibit 
important structural differences. In addition, as we have already indicated, sensi¬ 
tivity towards modifying factors is regular only with purified enzymes, for various 
reasons. On the one hand, crude tissue extracts may contain some of them in amounts 
sufficient to saturate the enzyme. On the other hand, many modifying factors exhibit 
an optimal concentration beyond which their action is decreased and may even be 
reversed. Hence the addition of a modifying factor is without effect in the first in¬ 
stance and variable in the second, and this explains the numerous contradictions. 
Thus it has been possible to report that bone phosphatase is insensitive to the 
ion which activates it strongly after purification.In the same way, the Mn”**^ ion, 
regularly an activator of the purified enzymes regardless of their origin,^* is consi¬ 
dered inactive for some of them.*® Finally, the interpretation of results obtained in 
this field on crude preparations is sometimes difficult owing to phenomena of anti¬ 
inhibition. Various substances may appear to activate the phosphatase because 
they block or eliminate a natural inhibitor. For example, alkaline cyanides at low 
concentrations (1 X 10”* to 1 X 10“^ M) activate certain tissue extracts (liver, intes¬ 
tine) that are rich in inhibitory metals b\' forming complexes with the latter; on the 
other hand, they are inhibitors of purified alkaline phosphatase at the same levels 
and even of the crude enzyme at a higher concentration. All these facts explain that 
one should not consider an activation or inhibition to be significant unless it occurs 
regularly and reproducibly in all instances. 

The principal activators of alkaline phosphatase are the divalent cations, 
among them Mg'*”+’. Insufficiently purified preparations exhibit a progressive 
activation by Mg"^ in proportion to its concentration up to an optimum 
level (M/200 in many instances) ; beyond that point, this effect is less pro¬ 
nounced.” Starting with a certain degree of purification, maximum activa- 

** E. Bamann, E. Riedel, and K. Diederichs, Z. physiol. Ckem, 8110, 175 (1934). 

** Nguyen-van-Thoai and J. Raymond, Compt. read. soc. bioL 189, 814 (1945). 

*® M. Martland and R. Robison, Biochsm. J. 88, 237 (1929). 

** E. Bamann, Naiurwissenschaften, 88,142 (1940); E. Bamann and E. HeumUller, 
Ibid., 88, 639 (1940). 

**D. Albers, Z. physiol. Chem. 886, 129 (1940). 

” H. Erdimann, Z. physiol. Chem. 178,182 (1927); 177. 211 (1928); 177, 231 (1928). 
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tion is almost always observed at more and more elevated concentrations 
of Mg'*^ above a certain threshold. Amino acids (alanine and higher 
homologues among others) increase the effect of the cations to a significant 
degree,”*®* according to the circumstances to be discussed below. Mg"^ is 
not the only activating cation; it may be replaced by Mn*^, 

Co++ optimum concentrations characteristic of each of them 

and much lower for some (M/10,000 to M /60,000 for zinc salts). Fe“*~^, 
Ni*^, and under certain conditions Ca"^ are less effective activators. Above 
an optimum level, amino acids become inhibitory.®* *^ 

The most important inhibitors are phosphate and arsenate ions** and vari¬ 
ous metal-complex-forming compounds. Among these, the cyanides have 
already been mentioned. Sulfhydryl compounds, particularly cysteine, are 
powerful inhibitors** • *® and the same is true of hydrogen sulfide, while the 
fluorides and pyrophosphates inhibit to a much lesser degree and under 
special conditions.®* Oxalates inhibit slightly but regularly.*® The oxida¬ 
tion-reduction potential of the solution is without effect on phosphatase 
activity, except in strongly oxidizing (+400 mV) solutions where the enzyme 
is less active.** Finally, alkaline phosphatase is more stable in neutral or 
slightly acid solution than at alkaline pH levels and hydrolyzes /8-glycero¬ 
phosphate more rapidly than the a-isomer. Purification may modify the 
proportion of hydrolysis of the two isomers. 

(2) Phosphomonoesterase II or add phosphatase. This phosphomono- 
esterase is the most widely distributed in nature after the preceding one 
but its distribution is not the same. It is abundant in higher plants and 
fungi; the best sources are oleagenous seeds, basidiomycetes, and potato 
tubers. The human prostate is very rich in this enzyme and the spleen and 
liver contain appreciable quantities, while most of the tissues endowed with 
an intense alkaline phosphatase activity are practically devoid of acid 
phosphatase.**’** **'** It is present in many bacteria.** The most suitable 

E. Hove, C. A. Elvehjem, and E. B. Hart, J, Biol, Chem. 184, 425 (1940). 

••J. Roche, Nguyen-van-Thoai, and M. Roger, Bull, soc, chim. bid, 96, 1047 
(1944). 

** L. Massart and L. Vandendriessche, Naturwionenschajten 98, 143 (1940). 

« O. Bodansky, J, Biol, Chem, 166, 605 (1946); 174, 465 (1948); H. Aebi and I. 
Abelin, Helv, Chim, Acta 81, 1943 (1948). 

** J. Roche and Nguyen-van>Thoai, Bull, soc. chim, bid, 96, 1365 (1943). 

Martland and R. Robison, Biochem. J. 91, 665 (1927). 

^ E. Waldschmidt-Leitz, A. Scharikova, and A. Sch&ffner, Z, physiol, Chem, 
914, 75 (1933); S. Edibacher and W. Kutscher, Ibid, 907, 1 (1932). 
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1491 (1935). 

••I. W. Sizer, J, Biol, Chem, 146, 405 (1942); J. Roche, Nguyen-van-Thoal, and 
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starting materials for its preparation are the human prostate, the liver of 
mammals, basidiomycejies, sweet almonds, and potatoes. Purification of 
extracts of plant material is less satisfactory’®-^'-’* than that of extracts of 
human prostate’* when fractionations by electrodialysis, adsorption, and 
precipitation by neutral salts are employed. However, since the levels of 
the enzyme are low in mammalian prostates with the exception ot that of 
man and the higher apes,’* it is desirable that this phosphatase be obtainable 
from plant material in order to proceed easily with investigations on it. 
Its isolation from kidney has been achieved but has no more than theoreti¬ 
cal interest.’^ 

The pH optimum of this enzyme varies from 5.0 to 6.0 depending on its 
origin; it is generally near 5.2-5.4.**-** The most characteristic modifying 
factors are inhibitors. Besides phosphate and arsenate ions, which are ef¬ 
fective against all phosphoesterases, certain ions inhibit acid phosphatase 
quite regularly, even at low concentrations, while they are ineffective or 
much less active against the alkaline enzyme. F” is strongly inhibitory at a 
concentration of Af/lC00-A//5000**-*®’* and its action in this respect is 
characteristic since it indicates a much greater sensitivity of this enzyme 
towards this ion than that of the alkaline phosphomonoesterase, which 
is only slightly inhibited by F” after purification. Molybdate ion likewise is 
an inhibitor of enzyme II but hot of enzyme I.’® Conversely, Mg"^ and the 
divalent cations, sulfhydryl compounds, amino acids, and alkaline cyanides 
have no effect on acid phosphatase.'®-** Oxalates are generally strong in¬ 
hibitors.®* Phosphomonoesterase II of animal origin regularly hydrolyzes 
/3- more than a-glycerophosphate and the same is true of most of the prepa¬ 
rations of plant origin (fungi, almonds, mustard). However, depending on 
the conditions of measurement (pH and substrate concentration), the 
affinity for the two isomers and their rate of hydrolysis may be reversed.** 
It is clear from this that the problem of the possible existence of an a- and 
a /3-glycerophosphatase is hard to attack. 

(3) Phosphomonoesterase III. This enzyme, less studied than the pre¬ 
ceding ones, is present in relatively slight amounts in many animal tissues, 
among them liver and spleen*^ *®-**-®®-”-’* where it is very unstable since it 
is very rapidly inactivated spontaneously in neutral solution. For this 

E. Pfankuch, Z. physiol, Chem, 241, 34 (1936). 

” B. Helferich and H. Stetter, Ann, 668, 234 (1947); S. Bouchilloux, Y. Derrien, 
J. Roche, and M. Roger, Bull. soc. chim. biol, 80, 417 (1948). 

W. KuUcher, Z. physiol, Chem, 236, 62 (1935); W. Kutschcr and J. Pany, Ibid, 
266, 169 (1938). 

** J. Courtois and P. Denis, Enzymologia 6, 288 (1938); 6,325 (1939); W. Kutscher 
and H. WUst, Biochem, Z. 310, 292 (1941). 
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reftsoo, correct curves of the activity of extracts of these tissues in relation 
to pH can be obtained only in the presence of very fresh extracts. Phos- 
phatase III is present in molds (takadiastase), higher yeasts, and rice bran; 
until the present time, only preparations derived from a fractionation of 
takadiastase have been purified to a high level. Its pH optimum lies between 
3.4 and 4.2, depending on its origin. Activation and inhibition data are still 
not very precise, in the sense that they differ greatly in preparations derived 
from animal or plant tissues.^^ Magnesium salts inhibit the enzyme of 
basidiomycetes much more than that of takadiastase or liver extracts. 
Similarly, inhibition by fluorides is erratic, as is activation by A 

systematic investigation of this enz)rme in a suitably purified state is 
required in order to l^e able to interpret with assurance the many observed 
facts. Phosphatases II and III of animal tissues are very easily distinguished 
but this is not true with plant tissues, where the two enzymes generally 
have very similar pH optima. 

(4) Phosphomonoesierase IV, Only erythrocytes, bottom yeasts, and per¬ 
haps certain propionic bacteria contain this enzyme.^* •®® ** *** Its pH opti¬ 
mum lies between 5.2 and 6.2 for the reasons discussed above; it is even 
higher in certain yeasts. In contrast to phosphatase II, which has a similar 
pH optimum, it is strongly activated by Mg"^ and Mn“*^; the differences 
in sensitivity of animal and plant preparations towards these activators 
are attenuated after adsorption on and elution from kaolin. Sulfhydryl 
compounds inhibit the yeast enzyme but activate the nonpurified erythro¬ 
cyte enzyme; this also holds true for ascorbic acid.*^ ” ** Finally, phos¬ 
phatase IV is notably more active on a- than on /^-glycerophosphate, so 
much so that some investigators have thought to use the enzyme of bottom 
yeasts for the preparation of a specific a-glycerophosphatase.^* A study of 
the purified enzyme should be undertaken. 

6. Constitution, Role of Metals 

Only phosphomonoesterases I and II can be examined along these lines; 
the absence of a test which would make it possible to determine the purity 
of the most active preparations further complicates research in this field. 

To begin with, the question has been raised whether the various phos¬ 
phomonoesterases have a similar constitution, and this question remains 
open. Dialysis at different pH levels of enzymes I, II, and III permits a 
separation of proteins from the diffusible products; each fraction is inactive 
but a mixture of the two has phosphatase activity.** The pH opti- 

Nguyen-van-Thoai, Bull. boc. chim. biol. 24, 1077 (1942;. 
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mum of this regenerated enzymatic action is identical with that of the 
enz3rme from which the protein is derived, regardless of the origin of the 
dialyzate. It has been possible to reconstitute phosphomonoesterase I (kid¬ 
ney) dissociated by dialysis at pH 5.5 by mixing with its inactive protein 
the inactive dialysate of phosphomonoesterase II (yeast) dissociated at 
pH 6.5. In the same way, phosphatases II and III have been regenerated 
from their apoenzyme and the dialyzate of enzymes I, II, or III. The ash 
of these dialyzates is inactive. These results have been interpreted to in¬ 
dicate removal of a coenzyme by dialysis; each phosphatase is assumed to 
contain a particular protein apoenzyme combined to a coenzyme which is 
the same in all instances.** Actually, this interpretation is entirely hypo¬ 
thetical since it is not possible to determine to what extent the observa¬ 
tions which have been made indicate a specific coenzyme effect or an acti¬ 
vation caused by a modifying agent. No information on the nature of the 
coenzyme is available; the enzyme does not exhibit a characteristic ultra¬ 
violet spectrum that would distinguish it from nonenzymatic proteins*^ •®*»®^ 
and alkaline phosphatase can be completely reactivated by the addition to 
the protein of various cations in association with amino acids.It is evi¬ 
dent that the problem of the existence of a coenzyme common to all phos¬ 
phatases has not yet been resolved. 

Investigations of several types have led to the concept that alkaline phos¬ 
phatase is an enzyme with a dissociable metal and that the natural metallic 
constituent can be replaced by various divalent cations. Numerous complex- 
lorming compounds (cyanides, sodium azide, sodium diethyldithiocar- 
bamate, sulfhydryl compounds) inhibit the enz>Tne. The activation by 
divalent metals, magnesium among others, at suitable concentrations may 
be interpreted as a saturation of the enzyme by these activators. likewise, 
the inhibition by phosphates, fluorides, pyrophosphates may indicate the 
formation of combinations of these anions with a metal present in the en¬ 
zyme, as in the case of enolase. Experiments on reactivation of alkaline 
phosphatase after the enzyme has been totally inactivated by dialysis 
against complex-forming compounds or double-distilled water are signifi¬ 
cant in this respect.** The theory of Cloetens,*^ according to which two 
metals are required to reactivate the enzyme, is no longer tenable. This 
theory is based mainly on attempts at reactivation by zinc and magnesium 
after dialysis against alkaline cyanides. The results would seem to be re- 

I). Albers, Z. phyaioL Chem. 261, 43 (1939); 261. 269 (1939). 
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lated to an incomplete elimination of the cyanides and their blocking (anti¬ 
inhibition) by metals such as zinc or mercury for which the CN radical 
exhibits a strong affinity. Alkaline phosphatase completely inactivated by 
a dialysis against water for several weeks is partially reactivated by incu¬ 
bation for 30 minutes at 37^ and at pH 9.2 in the presence of various cations 
(Mg++, Mn++, C 0 ++, Fe+'^) at optimum concentration. A much more 

pronounced reactivation is achieved if the solution contains, in addition, a 
suitable concentration of an amino acid (alanine); it is then possible to 
obtain enzymatic activities of much greater magnitude than that of the 
initial preparation.^® Under these conditions, reactivation does not require 
two metals; it reaches a maximum in the presence of Mg'*’+ (intestine). 

Two important facts must be stressed and commented upon. On the one 
hand, the divalent cations mentioned above are interchangeable as activa¬ 
tors or reactivators, but each one exhibits its optimum effectiveness at a 
different concentration (IX 10“^ M for magnesium salts, 5 X approxi¬ 
mately for zinc salts).^® On the other hand, the coactivating effect of amino 
acids is very pronounced and regular in the reactivation of the enzyme 
after prolonged dialysis. Finally, the analysis of purified preparations of 
alkaline phosphatase has demonstrated that it contains magnesium to¬ 
gether with minimal amounts of zinc, a significant portion of which is 
dialyzable.®* Similar data have been obtained with yeast carboxylase, the 
constitution of which is better defined. Reasoning by analogy, it may be 
assumed that alkaline phosphatase is a protein with an activity related to a 
metal complex (probably of magnesium in general) of certain primary amine 
groups of the apoenzyme and to a dissociable peptide. The observations 
during reactivation show that neither the metal nor the peptide are strictly 
specific. The participation of the primary amine groups of the apoenzyme 
in enzymatic activity is supported by the fact that the latter is destroyed 
if these groups are blocked.®^ ®* The existence of a metal other than mag¬ 
nesium in the alkaline phosphatases is discussed below. 

It is still difficult to define the nature of the acid phosphomonoesterases precisely. 
Enzyme 11 is dissociable by dialysis only under very special circumstances; divalent 
metals do not activate it and complex-forming compounds are without effect. How¬ 
ever, fluorides inhibit the enzyme reversibly in all instances and this fact could indi¬ 
cate the existence of magnesium in its molecule;** but this metal has not been found 
in the ash of purified preparations. Primary amine groups of the apoenzyme are in¬ 
dispensable to the activity of phosphatase II. 

c. Tissue Specificity and Consiiiuiion 

In view of the unequal sensitivity of phosphatases, depending on their 
origin, toward modifying factors, the assumption has been made that each 

•* S. Bouchilloux, M. Roger, et J. Roche, Compt. rend, soc, bioL 142, 1144 (1948). 
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of the various tissues contains a particular enzyme. Bile acids do not in¬ 
hibit the alkaline phosphatase of intestine but have a slight effect on that 
of other tissues.*^ ••• Inhibition by CN" takes place under circumstances 
which have been thought to indicate the existence of two alkaline phos¬ 
phatases in animal tissues.®® In addition, the inhibitory effects of the methyl 
esters of the two tautomeric forms of hydrogen cyanide are not the same on 
the purified alkaline phosphatases of various tissues.^®® Finally, the fact 
that magnesium, manganese, cobalt and zinc are preferential activators of 
the enzyme in particular tissue extracts has suggested the hypothesis that 
the latter contain magnesium, manganese, cobalt, and zinc phosphatases. 
There would then exist a tissue specificity of the alkaline enzyme based on 
differences in the metal constituent.®^ •®®*^®®~*®^ However, the significant dif¬ 
ferences in the value of the substrate affinity constant Ki,i of this enzyme 
depending on the origin of the preparations indicates that the apoenzymes 
are not identical,®® while the interchangeability of the reactivating metals 
suggests that the tissue specificity is probably not related to the metal 
constituent. 

The concept of a difference in the nature of phosphomonoesterase II depending 
on origin was connected not with a metal but rather w’ith a difference of the apoen¬ 
zymes. These are in effect unequally sensitive towards inactivation by alcohol and 
formol.*®*'*®* The acid phosphatase of the prostate is much more easily inactivated 
by alcohol and less so by formaldehyde than that of other animal tissues. 

It is not possible to accept without reservation the conclusions formu¬ 
lated in this field by most authors, since the sensitivity of the enzymes 
towards activators and inhibitors cannot be considered to be constant in 
such insufficiently purified media as tissue extracts or biological fluids. 
Nevertheless, a tissue specificity of the phosphatases is very probable. It 
is undoubtedly based upon differences in the constitution of the protein 
apoenzymes, which explain the differences in the behavior of the enzymes 
in regard to various inactivating factors (pH, temperature, alcohol). We 
have discussed how hypothetical the differences in the metals present in the 
alkaline phosphatases of varying origin are. The question can be resolved 
only by a study of highly purified enzymes since crude preparations always 
contain small amounts of different metals, only a fraction of which is related 
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to their activity even in the case of magnesium in alkaline phosphatase.** 
For these various reasons, we have not deemed it proper to discuss sepa¬ 
rately the investigations of the enzymes derived from specific tissues and 
whose absolute characteristics are not known. Likewise, the study of animal 
or plant phosphatases deserved to be distinguished while it was purely 
descriptive, but there is no longer any profit in maintaining this distinction. 
It is time, on the contrary, to consider the biochemistry of the various types 
of phosphatases under a more general plan. 

2. Phosphodiesterases 

The separate entity of this type of phosphatases was based initially on 
the variability of the ratios of hydrolysis of the mono- and diesters, on the 
differences between their pH optimum and that of the phosphomono- 
esterases, and, finally, on the separation by adsorption on alumina of 
products active on monoesters and not on diesters.**These criteria of 
specificity are not absolute and the existence of diesterases was definitely 
established when the venom of a snake, Trimesurus jiavoviridis (a Japanese 
poison called Habu), was found to contain an enzyme that liberated a mole¬ 
cule of phenol and no phosphate ion from diphenylphosphate;*® '®*'*®* this 
fact was confirmed by later studies of the venoms of the rattlesnake, of 
the water moccasin {Ancistrodon piscivoruSy A, mokassin) and ot a Colubrida 
(Bunganis fasciatus),^^^ 

The phosphodiesterases are generally associated with the phosphomono- 
esterases in the cells and body fluids.**•*** *“ Two isodynamic enzymes 
of this group have been described and characterized by their pH optimum 
(pH = 8.5-9.0 in venoms and serum, pH = 5.5 in rice bran, takadiastase, 
liver), and it is possible that a third enzyme active at a more acid pH also 
exists.'®* Certain organs, such as the prostate"* and the citrus fruit,"* are 
devoid of diesterase activity. 

The problem of the specificity of cholinephosphatase and of the poly¬ 
nucleotidases is related to the question of the nature of the diesterases. 
According to Contardi and Ercoli,"^ the glycerophosphoric ester of choline 
which arises by the action of lecithinase B on lecithin is subject to the action 
of a cholinephosphatase which literates glycerophosphoric acid and choline. 
This enzyme, which has a pH optimum of 4.0, is inhibited by physostigmine 
as is cholinesterase; its action is apparent in extracts of kidney, intestine, 
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and pancreas. It is different from the phosphodiesterase of rice bran or 
Aspergillus oryzae ^^^,which gives rise to glycerol and phosphorylcholine 
from the same substrate; phosphorylcholine is hydrolyzed by the phospho- 
monoesterases.^^®'"’ At the present state of our knowledge, further investi¬ 
gations are necessary before the existence of a specific cholinephosphatase 
can be admitted without reservations. 

The existence of polynucleotidases, diesterases hydrolyzing only the phos¬ 
phoric ester linkages that hold the nucleotides together, has been con¬ 
sidered it is to be discussed in another chapter together with the study 
of ribonuclease and th 3 rmonucleodepolymerase. 

3. Pyrophosphatases 

The separate entity of the pyrophosphatases rests upon their separation 
from the phosphoesterases which almost always accompany them. This 
operation can be accomplished by the selective inactivation of the 
latter.**’**®”^” Ammonia extracts of hog liver maintained for 24 hours at 
pH 9.0 and at 37° retain their pyrophosphatase activity and lose their 
esterase activity. Specific adsorption and elution have yielded the same 
results. Adsorption of the phosphomonoesterase of extracts of Basidio- 
mycetes on alumina leaves the accompanying acid pyrophosphatase in solu¬ 
tion, while the reverse situation prevails in hemolyzates. Finally, dialysis of 
aqueous extracts of Basidiomycetes and of bottom yeasts of pH 9.0 and of 
acetic acid extracts of hog liver at pH 2.5 inactivates the phosphoesterases 
more rapidly than the pyrophosphatases. Bailey and Webb^ prepared 
from baker’s yeast a very active pyrophosphatase devoid of phosphoesterase 
activity by adsorption of autolyzates on tricalcium phosphate gel, elution in 
the presence of ammonium sulfate, and fractional precipitation with this 
salt. Their preparation is undoubtedly the purest obtained to date. 

As in the case of the phosphoesterases, there exist isodynamic pyrophos¬ 
phatases characterized above all by their pH optimum and also by modi¬ 
fying factors peculiar to each. Three enzymes are distinguished. One of 
them (type I) abounds in animal tissues,*®among others the in¬ 
testine, kidney, and white blood cells, and its pH optimum lies between 
7.2 and 8.2; it is present also in yeasts where its pH optimum is 7.0-7.2. 
Very sensitive to slight acidity, it is destroyed when kept at pH 4.5 and 
at 30° for 60 minutes. It is 8trongl> activated by Mg"*^ ^ and by various 
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other divalent cations (Zn*^, Mn**^, 00*^, Fe’^).®**®* The effect and inter¬ 
changeability of these ions is particularly apparent after prolonged dialysis 
against double-distilled water, or even better against solutions of complex¬ 
forming compounds (a,a'-dipyridyl, diethyldithiocarbamate)however, 
the activation by metals is never as pronounced as in the case of the phos- 
phomonoesterases and the presence of amino acids has no coactivating 
effect. These are differences in intensity of activation or inhibition of the 
enzyme by different modifying factors depending on the origin of the 
pyrophosphatase preparations, so that the question of tissue specificity of 
this enzyme arises. This question can be resolved only by a study of puri¬ 
fied enzymes, as was discussed for the phosphomonoesterases. 

Another pyrophosphatase (type II) is distinguished from the preceding 
one by a pH optimum situated between 5.0 and 5.5, by its lack of sensi¬ 
tivity towards divalent cations, and by its very strong inhibition by 
p- 40,121,124 jg found in plants (fungi, seeds) and in almost all animal tissues 
containing phosphoinonoesterase I, among others the kidney and the liver; 
the latter organ is a very rich source.'*® This enzyme is frequently inhibited 
in tissue extracts by metals, so that the addition of complex-forming com¬ 
pounds (sulfhydryl compounds, ascorbic acid) then activates it irregularly 
by an anti-inhibitory effect.**® The pair cysteine-Fe^ is a direct activator 
of the enzyme of liver.**® Type III of the pyrophosphatases, with a pH 
optimum of 3.2~4.0, exhibits a distribution parallel to that of phosphomono- 
esterase III. Like the enzyme discussed above, it has not been prepared in a 
high stage of purity and its modifying factors are still ill-defined.” ** *** **®'**^ 
Takadiastase, yeasts, and liver are the best sources. 

These few facts permit us to state that the study of the pyrophosphatases 
is still relatively little advanced and that, in addition, these enzymes exhibit 
analogies with the phosphomonoesterases. Moreover, they, like the latter, 
may be partially inactivated by dialysis and reactivated by means of their 
dialyzate,®® but not of the ash of the dialyzate. No precise data have been 
obtained on their constitution; pyrophosphatase I is probably an enzyme 
with a dissociable metal and containing magnesium. It has been assumed 
that either the phosphomonoesterases and pyrophosphatases of the same 
pH optimum are made up of the same apoenzyme associated with different 
coenzymes*** or that their specificity is related to an active group particular 
to each in the same enzyme protein. 

R. Falconer, J. M. Gulland, G. I. Hobday, and E. M. Jackson, /. Chem. Soc. 
London 1959, 007. 

«« P. Flcury and J. Courtois, Enzymologia 1, 377 (1937); 6, 254 (1938). 

*** J. Roche, Nguyen-van-Thoai and O. Milhau, BulL ioc, chim, biol, 85, 1217 
(1943). 

»*• A. Sch&ffner and F. Krumey, Z. phyziol. Chem, 243, 149 (1936). 
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4. Phosphoamidases 

These enzymes are hydrolases that act on the amide linkage which unites 
orthophosphoric acid to a primary amine group, as in phosphocreatine and 
phosphoarginine. They have been separated from the phosphomono- 
esterases of a similar pH optimum by selective adsorption of the latter on 
kaolin at pH 4.5.*“ Two isodynamic phosphoamidases have been char¬ 
acterized. One, present in kidney**® and certain snake venoms,**® has a pH 
optimum of 9.0; the other, in rice bran extracts, acts at a pH optimum of 
5.2.**® It is probable that a third phosphoamidase, in kidney, acts at a pH 
optimum of 3.0. The study of these enzymes is very incomplete and should 
be taken up again, particularly with the aid of artificial substrates having 
greater stability than the natural phosphoamides (phosphoric anilides). 

5. Phosphoacylases 

Animal tissues contain an enzyme, particularly abundant in muscle and 
liver, which hydrolyzes acetylphosphate and its higher homologues 
(propionyl-, butyryl-, and succinylphosphate). It is generally called acetyl- 
phosphatase.*** It is easily extracted from tissues by water and traces of it 
are contained in the culture media of various bacteria. It is destroyed by 
pepsin but exhibits exceptional resistance to certain denaturing agents. It 
remains unaltered in trichloracetic acid solution and after prolonged boiling 
at pH 3-4; this thermostability is analogous to that of ribonuclease. It is 
constituted by a basic protein, and this fact has been called upon to explain 
its inhibition by many anions. It is inhibited strongly by phosphates, pyro¬ 
phosphates, hexosephosphates, nucleic acids, and hyaluronic acid, less 
strongly by sulfates, citrates, and oxalates, and only slightly by fluorides. 
It is certain that the phosphoacylase extracted from muscle is different 
from the phosphoesterases; these enzymes have been separated and their 
modifying factors are different.*** *** ***^ Moreover, their distribution in the 
tissues is not the same.*** 

Since the substrates of acetylphosphatase contain a high-energy phos¬ 
phate bond, the study of the metabolic role of this enzyme, inaugurated by 
Lipmann, has stimulated many investigations. It is not yet possible to 
state whether or not isodynamic or strictly specific phosphoacylases exist. 

6. Phosphatases Specific for a Single Substrate or a Small Number 
OF Structurally Related Substrates 

The uncertainty which reigns over any attempt to individualize the numerous 
apparently specific phosphatase effects limits this paragraph to the discussion of 

M. Ichihara, J. Biochem. (Japan) 18, 87 (1933). 

»*E. Waldschmidt-Leitz and F. Kdhler, Biochem. 7. 268, 360 (1933). 

*»» H. Bredereck and E. Geyer, 7. physioL Chem, 264, 223 (1938). 

*** F. Lipmann, Advances in EnzymoL 6, 231 (1946). 

***• J. P. Danielli, J. ExptL Biol. 22, 110 (1946). 

***S. Shapiro and E. Wertheimer, iSToturs, 168, 690 (1945). 
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those enzymes whose autonomy is certain beyond doubt. In this regard, all definite 
conclusions in the field of the phosphomonoesterases are difficult to formulate, al¬ 
though it is possible to obtain preparations which act preferentially, but not ex¬ 
clusively, on one substrate or a limited group of them, such as fructo8e-l,6-dipho8- 
phate, or the fi-nucleotides. We shall coniine ourselves to summarizing here, as an 
example of the difficulties which confront research in this field, some data obtained 
on phytase. The study of the enzymes which hydrolyze the pyro- and polyphosphate 
derivatives is more advanced; this subject, and the study of metaphosphatase, will 
be discussed below. 

a. Phytase 

Phytic acid, the hexaphosphate ester of meso-inositol, is one of the im¬ 
portant organic compounds of plants, particularly of cereals, where it is 
found as the calcium and magnesium salt associated with proteins. It is 
hydrolyzed by enzymes whose activity provided the first occasion for 
demonstrating the existence of a phosphatase.- Phytase action is evident 
in many seeds, rye and wheat being richest in the enzyme; it occurs also in 
molds.*^*~*®® Phytase is less widely distributed and less active than the 
phosphoesterases in animal tissues; among these, the nucleated erythrocytes 
of birds and of fish and the intestinal mucosa of the rat constitute the l>e8t 
sources.^^^ There are several isodynamic phytase activities. Of the two 
that have been definitely identified, one, with a pH optimum of 7.8, is 
activated by Mg*^+ and occurs in rat intestine;*®^ the other, present in se^s 
of cereals, mustard, and soybeans is strongly inhibited by fluorides and 
molybdates at a pFI optimum of 5.5, and it is not activated by 

The specificity of the phytases is as yet ill-defined. In effect, all enzymatic 
preparations that hydrolyze phytic acid also split numerous other esters, 
while other preparations contain phosphomonoesterases of very wide 
specificity but without action on phytic acid. Finally, the ratios of the 
rates of hydrolysis of the mono-, di-, tri-, tetra-, penta-, and hexaphosphate 
derivatives of inositol vary from one preparation to the next. It is, after 
all, rather improbable that there are phosphatases specific for one or several 
phosphoric esters of inositol. According to Fleury and Courtois,'*® phytase 
activity belongs to certain phosphomonoesterases that have a very wide 
specificity extending to phytic acid, while this is not true of phosphomono¬ 
esterases I, II, III, and IV, which correspond to the classical types. 

6. Phosphatases Specific for the Pyrophosphate Type of Linkage 

It has been demonstrated that the hydrolysis of mineral pyrophosphates 
and that of their esters, liberating orthophosphoric esters, are accomplished 

'*»R. H. A. Plimmer, Biochem. J, 7, 43 (1913). 

R. A. MacCance and E. M. Widowson, Nature 168, 660 (1944). 

J. Courtois, Bull, eoc. chim. biol. 27, 411 (1946). 

*»• P. Fleury and J. Courtois, Helv. Chim. Acta 29, 1297 (1946). 

8. Rapoport, E. Uva, and G. M. Guest, J. Biol. Chem. 189, 621 (1941). 

‘••V. N. Patwardhan, Biochem. J. 81, 560 (1937). 
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by the same enzymes*^except in a certain number of particular in¬ 
stances. The condensation of orthophosphoric acid to the pyrophosphate 
radical or to its esters causes a modification of manifest specificity. The 
mineral tri- and tetraphosphates are split by a polyphosphatase of pH opti¬ 
mum 6.3-7.7 which is present in molds, yeasts, and various animal tissues.^*® 
This enzyme is inactivated without alteration of pyrophosphatase, by treat¬ 
ment of the preparations with ethyl acetate. Adenosinetriphosphoric acid 
is the substrate the hydrolysis of which exhibits the greatest peculiarity in 
this field, since it is hydrolyzed by two specific enzymes with different modes 
of action: adenylpyrophosphatase^*® and apyrase.^^^ 

The former removes a single phosphate group from the substrate at the 
expense of which adenosinediphosphoric acid is formed in addition.^^-*^^'^^^ 
This fact demarcates the field of the specificity of adenylpyrophosphatase, 
which acts solely on adenosinetriphosphoric acid and its isologue inosinic 
acid. Apyrase hydrolyzes adenosinetriphosphoric acid with the liberation of 
adenylic acid and two phosphate radicals. The two enzymes are present in 
muscle and in potatoes. The specificity of the former may be altered by 
the coexistence of other enzymes or of myosin on which adenylpyrophos¬ 
phatase is fixed in muscle. The purified enzyme is inactive on pyrophos¬ 
phates and on adenosinediphosphate, while the latter is hydrolyzed by the 
enzyme in certain myosin preparations that contain a soluble protein 
constituent.'^* 

Adenylpyrophosphatase is endowed with properties similar to those of 
the pyrophosphatases.'^* Depending on the degree of purity and the 
modifying factors present, the enzymatic activity has one or two pH 
optima. That of the enzyme adsorbed on crystallized myosin is 9.4; that 
of actomyosin in the presence of veronal buffer is 7.6; that of the enzyme 
completely free of myosin is 7.5 in the presence of histidine. In media con¬ 
taining Ca^ ions, myosin with adenylpyrophosphatase activity has two 
pH optima at 9.0 and 6.3. Likewise, the sensitivity of the enzyme towards 
modifying factors is a function of its degree of purity and of its union with 
myosin. In the presence of the latter, it is activated by Ca^ and inhibited 
by Mg'*"*", while the reverse situation prevails after removal of the muscle 

C. Neuberg and H. A. Fischer, Enzymologia^ 2, 191 (1937); 2, 241 (1937); 2, 360 
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protein, a procedure which renders the phosphatase very labile. Amino 
acids activate this enzyme, but this finding may simply indicate a blocking 
of inhibitors. The study of adenylpyrophosphatase is discussed in detail 
with that of apyrase in another chapter. 

c. Metaphosphatase 

The hydration of metaphosphates to orthophosphates is accomplished 
by an enzyme of pH optimum 7.0-8.0 which is present first of all in yeasts**® 
and also in liver, kidney, and Aspergillus m^er.**®'**®-*** This enzyme is 
different from pyrophosphatase I; in the presence of the latter it is specifi¬ 
cally inactivated by heating for 10 minutes in a neutral solution. 

IV. Physiological Chemistry of the Phosphatases 

1. Distribution in the Tissues and Histochemistry of the 
Phosphatases 

The principal sources of the phosphatases and their localization have 
been indicated above, beginning with data of a chemical nature. The deter¬ 
mination of phosphatases in the tissues cannot be rigorous since the extrac¬ 
tion of the enzymes is always incomplete when carried out on maceration 
juices and, in addition, the diffusion of the substrate is equally incomplete 
Avhen it is done on tissue fragments. The chemical study of the distribu¬ 
tion of the phosphatases has, therefore, been of a preliminary character in 
certain respects; nevertheless, it has made it possible to locate the tissues 
and organs which are exceptionally rich in phosphatases and, for that very 
reason, it has posed the problem of the physiological roles of the enzymes. 
The only data available on the distribution of phosphatases other than the 
phosphomonoesterases and adenylpyrophosphatase at the present time are 
of a chemical nature. They have been supplemented, as regards alkaline 
(I) and acid (II) phosphomonoesterase, by a large number of data of a 
histochemical nature. In contrast to the former, these are qualitative, but 
they have had the merit of introducing the chemistry of the phosphatases 
in the fields of the cell and of tissue organization. 

The histochemical characterization of the phosphatases is based on the demon> 
stration of the formation of phosphates at the locus where the hydrolysis of an ester 
proceeds in the presence of ions capable of giving rise to insoluble phosphates under 
the selected pH conditions (tricalcium phosphate at pH 9.0 and lead phosphate at 
pH - 5.5). It is evident that this principle could be applied to the histochemical 
detection of phosphatases other than the esterases, on the condition that other 
substrates be employed. It is desirable that a comparative histochemical study of the 
various types of phosphatases be undertaken. The principle of the histochemical 
methods confers a very great sensitivity upon them; they can well distinguish strong 
from slight enzymatic activities, but with a much lower precision than that of an 
assay. It follows that the quantitative interpretation of data obtained with these 
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methods is uncertain, especially in the case of slight activities which are sometimes 
overestimated. Moreover, histochemistry does not make it possible to define the 
mechanism of the reaction which liberates the phosphates, so that it may cause the 
activity of a complex enzymatic system to be attributed to a phosphatase when the 
activity is slight. Also, the interpretation of the liberation of minimal amounts of 
phosphates from tissue slices immersed in a solution of a phosphate ester should 
often be held in abeyance while that of abundant quantities of phosphates entails 
no ambiguity. 

The most commonly employed method for the histochemical detection of the 
phosphatases*”‘*‘**^** is based upon the conversion of the freed phosphates into co¬ 
balt phosphate followed by the conversion of the latter into cobalt sulfide; this black 
precipitate saturates the region endowed with phosphatase activity. The enrichment 
of the region in phosphates, recovered as precipitated calcium and lead salts, by a 
preliminary hydrolysis of the substrate suffices to make it appear more or less deeply 
black. Demonstrative results have also been obtained by fixing as tricalcium phos¬ 
phate the phosphate ions which are formed and then coloring the calcium deposit 
on the slice with acridine red,*** or by precipitating an azo dye obtained from the 
organic radical of the substrate of enzyme action (barium /9-naphthylphosphate).*** 
Special methods have been worked out for the study of calcified tissues.**’ *** The 
results of histochemical studies of the phosphatases have been of importance for the 
understanding of special physiological processes, such as ossification; but they have 
also demonstrated the general role of these enzymes and called attention to their 
participation in biological phenomena in which they had not been considered. 

Phosphatase (acid or alkaline) activity is generally very uniformly dis¬ 
tributed in protoplasm, but the content of the nucleus varies in the different 
cellular types.'®® For example, the acidophil cells of the anterior 

lobe of the hypophysis are rich in these enzymes while the basophil cells 
are poor; this fact may be connected with the synthesis of protein hormones 
(lactogenic and growth hormones) by the former.'®* The alkaline phos¬ 
phatase content of nuclei seems to be in correlation with the rate of turnover 
of the phosphonis of thymonucleic acid; moreover, a portion of the cyto¬ 
plasmic phosphatases are included in the ribonucleic acid granules.'®® '®^*'®® 

Various physiological processes are related to the phosphatase activity 
of the cells. On the whole, all protein formation goes on a par with it. It 
has been possible to demonstrate its appearance and evolution in the 
course of cellular differentiation in the embryonic development of the 
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and of mammals/**in the repair of wounds and cutaneous 
bums*^® and of bone fractures/^^ in the formation of secretions of protein 
nature, such as silk/^* and in cell proliferations stimulated by sex hor- 
mones.'^* In the chick embryo, acid and alkaline phosphatase are present 
from the fourth day of development on, in the mesoderm tissue, which 
later gives rise to the posterior membrane; the osteoblasts do not appear 
until the seventh to eighth day of development. The calcification of bone, 
which takes place later, is preceded briefly by a great increase in alkaline 
phosphatase activity. These facts speak for the existence of a relation 
between protein formation and the presence of phosphatases in the cells; 
this may be an indirect relation by way of nucleoproteins and nucleic 
acids or a direct participation in a synthetic reaction. The metabolism of 
cellular nucleic acids necessarily involves the action of several phospha¬ 
tases; at least one aspect is demonstrated histochemically. A characteristic 
example is provided by the study of the evolution of the nucleoproteins 
that constitute Nissl’s granules in nerve fibers.^’^ *^* Chromatolysis of these 
granules after section is accompanied by a great increase in the acid phos¬ 
phatase activity at the level of these granulations; the same is true of 
their regeneration. 

The participation of phosphatases in less general processes has lieen 
studied histochemically with success in the fields of ossification, kidney se¬ 
cretion, and digestive resorption, as will be seen below. 

2. Bone Phosphat.ase and Calcification 

Robison,^ studying the effect of sections of bone of growing animals on 
solutions of calcium hexosemonophosphates, observed in 1923 that the 
enzymatic hydrolysis of these esters is followed by the precipitation of 
tricalcium phosphate in the junction cartilage. The role of a phosphatase 
in bone calcification has had to be taken into account since that time. A 
very important group of chemical*^*'*** and histochemical**®-**^ *** *®* *’* 
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observations has demonstrated that those regions of growing bone and 
teeth and of fracture calluses where a depot of salts is being organized are 
rich in alkaline phosphatase. This is the case in the zones of ossification of 
the junction cartilage, while the overlying serous cartilage is very poor in 
or entirely devoid of the enzyme, depending on the animal species. The 
same is true of the regions of dental pulp underlying the odontoblasts at 
the level of which the dentine arises in embryonic teeth.^®* The abundance 
of alkaline phosphatase in the teeth of Selachians, where the cartilagenous 
skeleton is devoid of the enzyme, is also significant.*^®*^^* Intramuscular 
grafts of fragments of bladder usually give rise to heterotopic osseous 
tissue, and only the grafts which are calcified are rich in the enzyme.'*® 
Finally, the osseous calluses do not contain a large amount ot the enzyme 
until a short time before their consolidation.'^'*'*' The distribution of al¬ 
kaline phosphatase in the skeleton therefore offers a first argument in 
favor of its role in calcification. 

This may also be said of the study of the variations in its level in the 
long bones. Robison and Fell and their students'*^ *'**’'*^ have demonstrated 
that the cultures of embryonic chick or rabbit bones exhibit an intense 
phosphatase activity starting at or a little before the stage of their evolu¬ 
tion where they begin to l^e calcified. The same is true in the course of ex¬ 
tra-embryonic development; thus in man, the kneecap is not ossified until 
the second year of life and it begins to contain the enzyme only then. 
In bony fish, the seasonal spurts of growth go hand in hand with a very 
great increase in the enzymatic activity of the bones, especially in the 
scales—membranous bones of very simple structure—which have an in¬ 
tensive vernal proliferation.'** All these facts, chosen from among many 
others, suggest that the enzyme participates in the formation of the “bone 
salt.” Its mechanism of action in this process is almost completely known. 
Robison and his students have given it a first representation on the basis 
of a qualitative study of the calcification of sections of epiphyses of young 
rachitic rats, immeraed in solutions containing either PO4 and Ca"*^ 
ions or a phosphoric ester and ions. At equal phosphorus and cal¬ 

cium concentrations, calcification is much more intense in the second 
instance than in the first. Its quantitative study'*^ demonstrated that it 
then occurs at the exp)ense of the phosphates liberated by the enz 3 anatic 
hydrolysis of the ester. These phosphates participate in the formation of 
tricalcium phosphate as soon as the solubility product IPO4 ]* X [Ca++]* 
= S is reached.'**”'** A quantitative study of this phenomenon has been 
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undertaken by Roche and Deltour^*® and the results are illustrated in 
Fig. 2. It indicates that the presence of a phosphoric ester in the medium 
into which the section of bone is immersed and the hydrolysis of this ester 
not only permit the formation in situ of phosphate ions in abundance, 


fi. Glyctrophosphoric ester 



Phosphoric ion 




Fio. 2. Fixation of PO 4 and in vitro by junction cartilage and metaphysis 
(slices) of long bones of sheep embryo (35-45 cm. long): / and 2 from solutions con¬ 
taining Ca’*"*' (10 mg./lOO ml.) and ^-glycerophosphate (sodium salt, 5 mg. P/100 ml,); 
5 and 4 from solutions containing Ca+^^ (10 mg./lOO ml.) and disodium orthophos¬ 
phate (5 mg. P/lOO ml.) at pH - 7.2 and at 37®. (Cf. Ref. 190.) 


but also cause a draining of Ca++ ions present in the immersion fluid to¬ 
wards the section of bone. This occurs physiologically, where the forma¬ 
tion of PO4 ions in the bone stimulates the movement of Ca"*^ ions 
from the blood toward the bone. 

The important biological problem which remains to be resolved is the 
J. Roeheand O. H. Deltour, Bull. toe. Mm. biol. S 6 . 1261 (1943). 
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supply of phosphoric esters to the osseous tissue. Plasma contfuns only 
traces (0.1-0.2 mg. esteiified P per 100 ml.) and, in addition, circulation 
through the bones is of low intensity, so that the existence of another source 
of esters besides those carried in by the blood must be looked for. Histo- 
chemical observations have shown that all osseous regions during intensive 
calcification contain glycogen“»-“»-‘«-‘»* together with a phosphorylase. 
This enzyme accomplishes the phosphorylating glycogenolysis by fixing 
the phosphate radicals from the blood, and glucose-l-phosphate is syn¬ 
thesized by this enzyme in the tissue itself where it serves as a substrate 
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Fio. 3. General scheme of enzymatic processes involved in calcification of the 
bones. (Cf. Ref. 193.) 


for the phosphatase. The latter acts physiologically together with the phos¬ 
phorylase according to this scheme:*” 

Thus, the blood phosphates are fixed as esters in the bones, where the 
phosphatase can then liberate them at a high concentration by means of 
the hydrolysis of these esters. This permits the rapid and abundant for¬ 
mation of tricalcium phosphate, the renewal of Ca*^ ions in the osseous 
fluids being assured by an actual draining of blood calcium. Bone phos¬ 
phatase is thus one of the most important elements in the mineralisation 
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of bones and teeth, especially in periods of growth. It is indispensable for 
all rapid calcification. Nevertheless, its activity plays an important role 
only in one ot the phases of ossification, since the fixation of tricalcium 
phosphate, formed according to the mechanism outlined above, to the 
teins of the bone is a phenomenon independent of its precipitation. This is 
especially clear in experimental rickets, at the start of which the junction 
cartilage of the long bones of the rat is richer in phosphatase but exhibits a 
diminution of the ability to fix the salts.*®^ 

3. Other Specialized Roles of the Phosphatases and Quantitative 
Variations of Phosphatase Activities in the Tissues 

The localization of phosphatases at high concentrations in various tissues 
besides the bones is necessarily related to physiological processes which 
are not all understood at the present time. 

Alkaline phosphatase participates in the transport of calcium as the phos¬ 
phate in vertebrates and in those invertebrates in which rapid changes of 
calcium take place, such as the molting of the crustaceans. The mammar>^ 
gland, which in the cow secretes 1.75 g. tricalcium phosphate per liter of 
milk, probably concentrates the lilood phosphates by a mechani.sm analo¬ 
gous to the formation of bone salts;*^^ the phosphorylation of ca.sein is in¬ 
dependent of this process. Anyway, alkaline phosphatase intervenes ac¬ 
tively in a group of proces.se.s which involve the formation of tricalcium 
phosphate as an intermeiliate or end prtxluct. 

The function of this enzyme in resorption phenonnuia luus been shown 
in kidney and intestinal mucosa. The kidney cortex is one of the animal tis¬ 
sues richest in this enzyme and Lundsgaard suggested in 1933 that the 
activity of the latter is connected with the resorption of glucose in the 
convoluted tubules; but this hypothesis has taken on weight only after the 
development of the histochemistry of the phosphatase.s. The cycle of reac¬ 
tions that keeps blood glucose from being eliminated in the urine after its 
diffusion into the glomerular licjuid takes place at the level of the convo¬ 
luted tubules. It involves a phosphorylation at the level of the cells of the 
latter and a dephosphorylation at their distal end. The cells of the con¬ 
voluted tubules are particularly rich in the enzyme and the latter is es¬ 
pecially concentrated at the level of their brush borders,*^*site of glu¬ 
cose resorption, while the glomeiiili, organs of filtration, and the distal 
tubules do not contain the enzyme in most animal species. In the toad- 
fish, Opsanus tauy an aglomerular animal which can neither secrete nor 
excrete sugar, there is no tubular phosphatase.*®^ The observations made 

J. Roche and M. T. Simonot, Knzymoloffia 10, 239 (1942). 

>»*E. Lundsgaard, Biochem. Z. 264, 221 (1933). 

Gomori, J. Cellular Comp. Physiol. 17, 71 (1941). 

A. Wilmer, Arch. Path. 37, 227 (1944). 
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during experimental uranium nephritis^^^ or pathological nephritis require 
a more cautious interpretation. On the other hand, the blocking of kidney 
phosphatase simultaneously with the glycosuria of alloxan diabetes is 
significant.^^* *®® Although it is not actually possible to state precisely the 
mechanism of action of alkaline phosphatase in kidney secretion, its abun¬ 
dance and its localization at least suggest that the enzyme takes part in 
the tubular resorption of glucose, probably in the dephosphorylating 
phase. Acid phosphatase II is present, less abundantly, in a diffuse state 
in the tubular cells; it is not concentrated in the brush borders. 

Intestinal mucosa is richer in alkaline phosphatase than any other tissue 
and many authors consider that it may participate in the resorption of 
glucose or fatty acids. It is localized mostly in the superficial layers of the 
epithelium, where it occupies at the same time the striated circular border 
of the cells and an intermediary zone between the nucleus and the luminal 
border.*^* •^*^**®‘ The duodenum is an esi>ecially rich source. Intestinal 
desquamation leads to a pronounced enrichment of the feces with this en¬ 
zyme, beyond its secretion proper which has an important digestive func¬ 
tion, and beyond its probable participation in the absorption of hexoses 
and fatty acids. The secretion of alkaline phosphatase by the intestine 
takes place in response to a very poorly differentiated alimentarj’' stimulus; 
it is more or less intensive in the presence of hexoses, fatty acids, amino 
acids, phosphoric esters, nil in the presence of mineral solutions. An iso¬ 
lates! intestinal loop into which a solution of glucose is injected can secrete 
in 1 hour about a twentieth of the phosphatase it contains.*®^’*®* 

The functions of the acid phosphatases are much less well defined, ex¬ 
cept perhaps in the case where they act outside the secreting tissue. The 
human prostate eliminates phosphomonoesterase II, which is found in 
the seminal fluid. This enzyme may participate in the sperm in the dephos- 
phor>dation of glucose esters to liberate fructose, which serves as food for 
the spermatozoa, but it is also undoubtedly responsible for the formation 
of choline from the phosphorylcholine of spevm}^ 

Quantitative variations of the phosphatase activity of tissue-s have been 
found; the most characteristic are those of hormonal origin. The phospho- 
esterase activity of intestinal mucosa is increased by the injection of adreno¬ 
cortical hormones and diminished by adrenalectomy or injection of 
alloxan ;‘®* *®* *®‘^ this fact is often interpreted as an indication that the en- 

*••0. Breedis. C. M. Flory and J. Furth, Arch. Path. 96. 402 (1943). 

M. L. Meiiten and M, Janouch, Proc. Soc. Exptl. Biol. Med. 63, 33 (1946). 

A. Soulairac, Cotnpt. rend. aoc. biol. 142, 643 (1948); P. Desclaux and F. Katz, 
Ibid. 142.311 (1948). 

V. M. Emmel, Anai. Record 91. 39 (1945). 

A. Sols and F. Pons, Rev. eepan. fisiol. 2. 283 (1946). 

J. Lopez-Navarro, Rev. eepan. fieiol. 2 . 211 (1946). 

F. Lundquist, Acta Phyeiol. Scand. IS. 322 (1947). 

*** W. Kutecher and U. WOst. Z. phynoL Cham. 273. 235 (1942). 
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syme takes part in glucose or lipide metabolism. Alloxan diabetes goes 
hand in hand with a very pronounced regression of the phosphatase activ¬ 
ity of kidney,and this appears to be proof for the role of the ensyme 
in the resorption of glucose after its glomerular filtration. The significant 
effect of male sex hormones on kidney phosphatases, on the other hand, is 
hard to explain. Testosterone, androsterone, and various derivatives sub¬ 
stituted in position (a), or 3 (a or/5), 17(a), when administered to castrated 
mice, causes kidney hypertrophy and, at the same time, a diminution of 
alkaline phosphatase activity and a great increase in acid phosphatase 
activity; the enzymes of the liver and intestine are not affected by these 
hormones.*®* Neither these facts nor the simultaneous increase in kidney 
arginase activity can as yet be interpreted simply, while the progressive 
enrichment of the mammary gland in alkaline phosphatase from the onset 
of lactation hardly requires comment.*®^ 

4. Physiological and Chemical Roles of the Phosphatases in the 
General Metabolism op the Cell 

The participation of the phosphatases in the metabolic processes that 
take place in the cells cannot be precisely indicated. The universality of 
their distribution suggests that they have a general direct or indirect role. 
The metabolic importance of the phosphate bond is developed elsewhere 
but it may be proper to consider here to what extent the phosphatases arc 
associated with it. 

The phoephorylating enzyme systems are independent of a synthesizing action 
of the phosphatases; they include other enzymes (phosphorylase, hexokinase) and 
phosphate radical donors other than mineral phosphates. Phosphatase synthesis of 
esters appears to have little physiological importance, or at least to be rare. The 
phosphatases take part in metabolism as far as the hydrolase activity in liberating 
phosphates is concerned, but their action is then included in reaction cycles and 
depends on enzymes of very strict specificity, or at least acting preferentially on cer* 
tain esters (hexosediphosphatase, nucleotidases, etc.). This explains the fact that 
enzymes of wide specificity are abundant above all in cells where their presence 
responds to a specialized function, such as bone calcification or kidney secretion. 
Within the framework of general metabolism, the phosphatases are of less impor¬ 
tance than the enzymes that transfer phosphates and those which carry out the syn¬ 
thesis of esters by more complex processes than the reaction inverting hydrolysis. 
An important but still obscure point is the extent to which these enzymes partici¬ 
pate in metabolic reaction cycles. The findings are clear for adenylpyrophosphatase, 
but far from unequivocal for the phosphoesterases and pyrophosphatases. 

V« Pathological Chemistry of the Phosidiatases 

As with a few other enzymes, pathological chemistry has attempted to 
put to good use the knowledge obtained in the field of physiological chem- 

••• C. D. Kochakian, Recent Progreei in Harmane Ass. 1, 177 (1947). 

••»8. J. Folley and A. L. Qreenbaum, Biockem. /. 41. 261 (1947). 
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istry of the phosphatases. Only quantitative data have any significance 
in the field of pathology: Attempts have been made to obtain such data on 
serum, white and red blood cells, and the various tissues. We shall examine 
the findings which have been made on serum and tumor tissue. 

1. Alkaline and Acid Phosphatases of Serum 

Blood serum contains a mixture of small quantities of phosphatases, 
mainly phosphomonoesterases, phosphodiesterases, and pyrophospha- 
tases.®^’*®® *®®'**® Up to the present time, only the first have been studied 
systematically; hyperpyrophosphatasemia seldom occurs.*" No exact sig¬ 
nificance has been ascertained until now for the variations of the level of 
this enzyme in the formed elements of the blood.®* *" Alkaline phosphatase 
(phosphomonoesterase I) is accompanied in normal serum and plasma by 
minimal amounts of the isodynamic enzyme of acid pH optimum (type II) 
and, occasionally, of phosphomonoesterase III. Normally these enzymes 
are derived by diffusion from various tissues, first of all, without doubt, 
the liver. In various pathological conditions, a particular tissue may pK>ur 
high levels of one or the other enzyme into the blood; the existence of a 
hyperphosphatasemia may, therefore, direct or confirm the diagnosis of a 
disease and give useful information on its course and on the efficacy of 
treatment. 

In adult man, plasma contains 2.5 to 5 Bodansky units (B.u. — 7 P 
liberated per hour at pH = 8 .G and at 37® by 103 ml. plasma acting on 0.01 
M sodium /3-glycerophosphate); the growing infant has appreciably higher 
levels.*** Pathological or experimental variations are significant only in 
hyperphosphatasemia when they reach or surpass a level twice the average 
normal values, since hypophosphatasemia is hard to demonstrate. The 
most important of the former have been observed in osseous or hepatic dis¬ 
turbances. In osteitis deformans (Paget’s disease), phosphatasemia may 
reach and surpass 100 B.u.; it is less elevated in osteitis fibrocystica (Reck¬ 
linghausen’s disease) and even less so in other osteites.*** *** It is increased 
to a moderate degree (10-15 B.u.) in the acute stages of human or experi¬ 
mental*** rickets, and it is brought back to normal by vitamin therapy of 
this osseous dystrophy. But the main conditions in which the study of 
phosphatasemia has been of use to bone pathology are the osteites and cer¬ 
tain cancer metastases, as will be seen below. In liver pathology, determina- 

F. Demuth, Bioch^m, Z. 169, 415 (1925). 

••• E. Lundsteen and M. Vermehren, Enzymologia 6, 27 (1939). 

J. Itoche, Nguyen-van>Thoai, and J. Marcelet, Compi, rend, eoe, bioL 138, 517 
(1944), 

•** O. Desruiaaeaux, Compi, rend. «oc. hioL 140,644 (1946); 140, 646 (1946). 

*** L. Chevillard, Compi, rend. $oc. bioL 139, 249 (1945). 

•*• D. J. Barnea and B. Mun^, Proc. Soe. Exptl. BioL Med. 44, 327 (1940). 

•*' H. D. Kay, BHL J. Bxpll. Path. 10, 253 (1929). 

••• H. L. Jaffa and A. Bodanaky, BuU. AT. Y. Aead. Med. 19,831 (1943). 
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tions of serum phosphatase are of service in jaundice. Like experimental 
biliary obstruction,the obstructions caused by various diseases (cal¬ 
culi, tumors) lead to alkaline hyperphosphatasemia which rarely surpasses 
25 B.u. Icterus of different origin never or rarely involves such a mani- 
festation.2*^-*** 

Acid phosphatase (type II) shows significant increases only in cancer of 
the prostate, especially when it involves bone metastases.*** ®‘®’”° Values 
as high as 1000 King-Armstrong units (K.A.u. = y phenol liberated by 
100 ml. of serum acting on 0.005 M sodium phenylphosphate at pH = 


TABLE III 

Serum Acid and Alkaline Phosphatase in Diseases 


Disease 


Prostatic cancer: 

a. with bone metastases 

b. without bone metastases 
Other diseases of prostate 
Osteitis deformans 
Osteitis fibrosa cystica 
Osteogenic sarcoma 
Myelomatosis 

Other bone tumors 
Cancer or organs (other than 
prostate) with bone metas¬ 
tases 
Rickets 
Osteomalacia 
Senile osteoporosis 
Jaundice 


Alkaline 


Phosphatase 

7 ■" 


Acid 


Normal or slightly 

Normal 

Normal 

Markedly raised 
Markedly raised 
Raised 
Normal 

Normal or raised 
Normal or raised 


raised! Usually markedly raised 
. Most frequently normal 
! Normal 

I Normal or slightly raised 
Normal or slightly raised 
; Usually normal 
I Usually normal 
j Usually normal 
i Usually normal 


Raised | 

Raised > 

Normal I 

Markedly raised in ob- ^ 
structive, less so in ' 
toxic, normal in hemo-j 
lytic jaundice j 


Usually normal 
Usually normal 
Usually normal 
May he slightly raised. 


5.0 for 1 hour at 37°) have been found in this condition. However, only 
50% of the cases surpass 10 units; the normal average is 3.3 units. Table 
III summanzes the principal modifications of phosphatasemia observed 


6, 264^(1939^“**' ^ ^ “"d M. M. Ilathinan. Rev. gaetro^enlerol. Mex. 

an*! A. Flood, J. Clin. Invttl. 

n! A' u E- B. Gutmann, J. Clin. Invest. 17, 273 (1938) 

C. Huggios and C. V. Hodges, Cancer Research 1, 293 (1941). 
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in pathological conditions, on the basis of findings established or assembled 
by Sullivan et King and Deloryand Sundermann.^ 

The mechanism of pathological hyperphosphatasemias has been dis¬ 
cussed from two points of view: the identification of their cellular origin 
and the part which the activation of the enzymes or the actual increases in 
their level play in their manifestation. With regard to the first, exp)eriments 
on specific inhibition by alcohol and formoh<^^**°® showed that senim con¬ 
tains a mixture of enzymes of different origin. In addition, hyperphospha¬ 
tasemias more frequently reflect an actual enrichment in the enzyme than 
an activation.”^ 


2. Phosphatases and Cancer 

The acid or alkaline phosphatase activity of pathological or experimen¬ 
tal tumors is very variable.”® In rat hepatoma, phosphatase activity re¬ 
mains high after three transplantations, then decreases considerably, lie- 
sides, different results are obtained with different carcinogenic agents which 
appear etjuivalent. Ver}^ systematic results have been obtained only in 
bone tumors and in cancer of the prostate.”® Osteogenic sarcomas are very 
rich in alkaline phosphatase, which participates in the formation of osteoid 
tissue.^” The same is true of all asteogenic tumors while certain metas- 
tases in which the processes of bone destniction are more important than 
the tendency for repair have low enzyme concentrations. The origin of the 
metastases plays an undeniable role in determining their enzyme content; 
for example, those of prostatic cancer are generally rich in acid phospha¬ 
tases while those* of other osst'ous neoplasms are not. 

The principal attempts at demonstrating an increase in alkaline phos¬ 
phatase in connection with tumors have been carried out on serum. Enzy¬ 
matic activity increiis(?s to very different degrees depending on whether 
there are a neoplastic proliferation, a formation of osseoid tissue or repair 
processes simultaneous with or consecutive to a neoplastic destruction of 
the bones. The existence of hyp(*rphosphatasemias of certain osseous tu¬ 
mors is connecteil with an osteoblastic activity but is not involved in the 
purely destnictive lesions of myelomatosis. 

Acid hy{)crphosphatasi?mia of cancers of the prostate has stimulated a 
great numlx^r of investigatiims and its correlation with the existence of 
tumors is certain. Orchidectomy and stilbestrol treatment cause at the 

T. J. Sullivan, E. B. Gulmann and A. B. Gutniann, J. VroL 48 » 426 (1942). 

K. J. King and G. E. Didory, PostQrad. Med. J. (June number) 1 (1948). 

F. W. Sundermaniu Am. J. Clin. Path. 12, 404 (1942). 

G. E. Delory and E. J. King, Biochem. J. 88 , 50 (1014). 

J. P. Greenstein, Biochemistry of Cancer. Academic Press, New York, 1947. 

J. P. Greetisiein, J. Xatl. Cancer Inst. 2 , 511 U942). 

H. Q. Woodard, Cancer Research 2 » 497 (1942); Am. J . Roentgenol. 47 ,227 (1942). 
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same time a regression in the volume of the tumors and of the level of serum 
acid phosphatase,**® while the repair of osseous lesions due to metastases 
of the parent tumor causes an increase of alkaline phosphatasemia.*** 
This hyperphosphatasemia is, however, less pronounced than that caused 
by Paget’s disease; the latter, moreover, has no effect on the serum level 
of acid phosphomonoesterase IL At the present state of our knowledge, 
the interest in and study ol the phosphatases in tumors and in the blood 
of the tumor-bearing host are therefore limited and it is not possible to 
connect the histological forms of the tumors with their different enz}anatic 
activities. 


VI. General Conclusions 

The knowledge accumulated on the phosphatases is still fragmentary 
on very many points and the study of these enzymes has posed more prob¬ 
lems than it has resolved. Even the individuality of the multiple phospha¬ 
tases remains uncertain. The constitution of none of these enz}rme8 is 
known and, a fortiori, we are ignorant of the structural factors responsible 
for their specificity and the fundamental reasons of isod 3 mamics. It is ur¬ 
gent that progress be made in the preparation of the various phosphatases 
at a high degree of purity so that these problems can be studied. In the field 
of physiological chemistry and of its applications, only the role of bone 
phosphatase has been elucidated and histochemistry has again raised many 
questions that can now be properly approached. This means that the 
chemistry of the phosphatases offers very vast possibilities for develop¬ 
ment and that the importance of this field increases as a function of prog¬ 
ress in it. 

This field abounds in problems of great importance for general enzy- 
mology, so that it merits the attention of investigators not only from the 
point of view of extending our knowledge about the phosphatases them¬ 
selves, but also from that of resolving these problems. The biochemistry 
of enzymes having a dissociable metal, that of intermediary metabolism, 
that of the mode of action of certain hormones, and that of the renal and 
intestinal mechanisms of glucose resorption are directly related to the 
biochemistry of the phosphatases. 
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L Introduction 

Metaphosphatases are enzymes able to hydrolyze salts of metaphosphoric 
acid, e.y., the sodium salts (NaPOj)n. Mataphosphates of low molecular 
weight as well as colloidal metaphosphates are known. Thus the number 
n in the formula (NaPOa)^ can vary within a wide range for different 
metaphosphate preparations. The trimetaphosphate (NaP 03)3 is considered 
to have a cyclic structure. Another metaphosphate of comparatively low 
molecular weight is the so-called hexametaphosphate, (XaPOs)^. It is, 
however, very unlikely that the generally used commercial preparations 
called hexametaphosphate are monodisperse substances with molecular 
weights corresponding to this formula. Very high molecular metaphos¬ 
phates can be prepared by heating KH2PO4. The molecular weights of 
such preparations often arc of the order of 1,030,033, as has been found by 
Malmgren and Lamm.‘ • These substances are sometimes called poly¬ 
metaphosphates, not to be confused wdth the notation polyphosphate, 
which often refers to tripolyphosphate or triphosphate, NaiPzOio. The 
structure of these colloidal metaphosphates is not yet definitely estab¬ 
lished. Probably they are built up of long chains of the following type: 

—O—PO(OXa)—O—PO(ON h)— 0~P0(0Xa)—O—PO(ONa)—O- 

Ilegarding earlier chemical investigations on metaphosphates reference is 
made to a review by Karbe and Jander.* 

n. Enzymatic Breakdown of Metaphosphate 

Kitasato^ in 1928 demonstrated that metaphosphate can l)e converted 
into orthophosphate by means of enzyme extracts from molds, yeast, and 

‘ H. Malmgren and 0. I^mm, Z. anorg, Chtm, 812, 236 (1944). 

•H. Malmgren, Acta Cfum, Stand, 8, 147 (1948). 

* K. Karbe and G. Jander, Kolloid-Beihefte 54, 1 (1942). 

Kltaeato, BtocAem. Z. 187. 257 (1928); ibid. 801. 206 (1928). 
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rabbit organs. As substrate in these investigations he used hexametaphos- 
phate. The orthophosphate liberated was determined colorimetrically. 
Later this observation was confirmed by Neuberg and Fischer* and other 
investigators. Schaffner and Krumey* found that a metaphosphatase in 
a yeast extract had its optimum activity at pH 7-8 and that the enzyme 
was activated by magnesium ions. They could show that the enz 3 rme was 
not identical with yeast pyrophosphatase. The metaphosphatase activity 
disappeared after heating at 50°C. for some minutes. This treatment 
decreased the pyrophospWase activity of the extract only to a small 
extent. Bamann and Heumuller^ studied the enzymatic breakdown of 
trimetaphosphate into orthophosphate by liver extracts. They found that 
several divalent metallic ions activated this enzyme. 

Investigating phosphorus metabolism in molds^ Mann* in 1944 observed 
powerful metaphosphatase activity in water extracts from Aspergillus 
niger, A purified enzyme preparation (60 7 ) incubated with a solution of 
soium metaphosphate or p)rrophosphate (0.3 mg. P) for 2 hr. at pH 5 
and 30° converted both compounds quantitatively to orthophosphate. 

It might also be mentioned that the transformation of sodium triphos¬ 
phate, NasPaOio, to orthophosphate by enzyme extracts from microor¬ 
ganisms and organs of animals has been studied by several investiga¬ 
tors, The metaphosphate preparations used as substrate in many 

earlier investigations were often incompletely described. However, the 
molecular weights of the substances seem to have been comparatively 
low. (The preparations used were described only as metaphosphate, tri¬ 
metaphosphate, and hexametaphosphate.) 

In 1947 Ingelman and Malmgren^* published investigations which gave 
evidence that metaphosphates of very high molecular weight are broken 
down by enzymes from microorganisms such as Aspergillus niger and Pent- 
cillium expansum. The potassium metaphosphate preparations used had 
molecular weights larger than one million. Thus in these experiments a 
purely inorganic colloid was broken down enzymatically. By means of 
viscosity measurements, ultracentrifugations, dialysis experiments, and 
colorimetric orthophosphate determinations indications were obtained that 
the breakdown proceeds through a—probably random—scission of —P— 

* C. Neuberg and A. H. Fischer, Emymologia 2, 191, 241, 360 (1937-1938). 

•A. Sch&ffner and F. Krumey, Z. physiol. Chem. 266, 145 (1938). 

^ £. Bamann and £. HeumUlier, Naturwissenschafien 28, 535 (1940). 

•T. Mann, Biochem. J. 88, 339 (1944). 

• C. Neuberg and A, H. Fischer, Compt. rend. Irav. lab. Carlsberg, Sbr. chim. 22, 
366 (1938). 

C. Neuberg, L. Frankenthal, and I. 8. Roberts, Expil. Med. and Sura. 1, 386 
(1943). 

” M. Dainty, A. Kleinseller, A. 8. C. Laurence, M. MiaU, J. Needham, D. M. 
Needham, and 8hih<Chang Shen, J. Oen. Physiol. 27, 355 (1944). 

B. Ingelman and H. Malmgren, Acta Chem. Scand. 1, 422 (1947), 
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O—P— links in the metaphosphate chains. Therefore, to begin with 
comparatively large fragments are formed. Thus in the first stage of the 
breakdown only very small amounts of orthophosphate are liberated. 
The hydrolysis does not occur as a splitting off of one or a few phosphoric 
acid residues at a time from the ends of the chains. 

In the continuation of these investigations^® a convenient method, based 
on viscosity measurements, was worked out for the determination of 
relative enzyme activities. The high-molecular potassium metaphosphates 
are soluble in sodium salt solutions of suitable concentration. These solu¬ 
tions have a high viscosity. Hence it is ea.sy to follow the first phase of the 
breakdown by viscosity measurements. The viscosity, however, depends 
not only upon the degree of polymerization and the concentration of the 
colloidal metaphosphate but also upon the low-molecular salts added to the 
solution. Therefore, in activity determinations of this kind allowance must 

TABLE I 

pH Optima of Enzymes from Some Microorganisms Acti.ng on High- 
Molecular Metapiiosphate 


Organism 


pH 

optimum 


Penicillium expansum 
Penicillium chrysogenum 
PenicUlium funiculosum 
Aspergillus niger 
Saccharoinyces cerevisiae 
Proteus vulgaris . . . 


4.5 
4.8 
4 5 

5.7 
7.2 

4.7 


be made for this influence. Using this method and an enzyme from Asper¬ 
gillus niger Ingelman and Malmgren could show that the breakdown veloc¬ 
ity is proportional to the enzyme concentration. This is valid at concen¬ 
tration levels of metaphosphate and enzyme at which the measurements 
could conveniently be performed. 

Some physicochemical projierties of the enzyme from Aspergillus niger 
which degrades metaphosphate of high molecular weight were also studied 
in the same investigation.'* As the enzyme was not pure and the concen¬ 
tration very low, ordinary methods of observation could not be used. 
Therefore, the course of the experiments was followed by means of the 
above-mentioned activity determination method. The electrophoretic mo¬ 
bility was studied in the Tiselius apparatus. The isoelectric point of the 
enzyme was found to be about pH 3.1. The sedimentation constant of the 
enzyme was determined in the Svedberg ultracentrifuge using a separation 
cell. The sedimentation constant, 5201 was found to be 3.2 S. The diffusion 

*• B. Ingelman and H. Malmgren, Acta Chem, Scand, 2, 365 (1948). 
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constant of the enzyme was detennined according to “the porous-didt 
method” and Djo thus obtained was 8.8 X 10“^ cm.Vsec. The molecular 
weight of this enzyme from Aspergillus niger was estimated to be about 
33,000. 

Investigations into the further occurrence of enzymes degrading colloidal 
metaphosphates hitherto have shown that such enzymes are found in 
some fungi belonging to the group of Ascomycetes and in the bacterium 
Proteus vulgaris.^* The pH optima ot these enz 3 'mes were detennined with 
the viscosity method. The values obtained are given in Table I. 

Preliminary experiments with enzyme extracts from liver of rabbit and 
cow*^ gave no evidence of a breakdown of high-molecular metaphnsphates. 
However, metaphosphates of comparatively low molecular weights, e.g., 
sodium trimetaphesphate (NaFOj) 3 , can be broken down by extracts from 
animal organs. 

Regarding the specificity of metaphosphatases very little is known. 
Very little has been done on the purification of these enzymes. 

m. Occurrence of Metaphosphate in Microorganisms 

During the last century investigations were published which indicated 
the occurrence of metaphosphate in yeast. The first publications on this 
subject seem to be from 1888 and 1890, in which Liebermann'*-** says that 
metaphosphoric acid occurs in yeast. In 1893 Kossel” isolated from yeast a 
substance which he gave the name “Plasminsdwe” and which was sup¬ 
posed to contain metaphosphoric acid. Six years later Ascoli" described 
further experiments on this “Plasminsdure.” He also concluded that the 
substance contained metaphosphoric acid. These early investigations seem 
to have been forgotten for a long time. In 1936 MacFarlane'* obtained 
from yeast a nucleic acid preparation of high phosphorus content. On 
extracting this substance with hydrochloric acid, inorganic metaphosphate 
was obtained and identified. Later also Wiame*® isolated, from yeast, 
such preparations containing 17% phosphorus. In 1944 Mann** isolated 
metaphosphate from Aspergillus niger by extracting the mycelia with 
trichloroacetic acid. Metaphosphate has also been found in different mu¬ 
tants of Neurospora.^ During recent years the occurrence of metaphoephate 

'*B. Inge’man and H. Malmgren, Ada Chem. Stand. S, 157 (1949). 

>» L. Liebermann, Arch. ges. Physiol. (PflOgers) 48. 97 (1888); Und. 47,1« (1800). 

'*L. Liebermann, Ber. 21, 698 (1888). 

“ A. Koseel, Arch. Anal. u. Physiol., Physiol. Abt. p. 100 (1893). 

■*A. Ascoli, Z. physiol. Chem. 28, 428 (1899). 

**M. Q. MacFarlane, Bioehem. J. 80, 1309 (1030). 

** J. M. Wiame, Biochim. el Biophys. Acta 1,234 (1047). 

*'T. Mann, Bioehem. J. 88, 346 (1944). 

** M. Houlahan and H. Mitchell, Arch. Bioehem. 19 . 257 (1948). 
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in yeast has been further confirmed.*'** Some of the investigations indi¬ 
cate the possible occurfence of two different kinds of metaphosphate in 
yeast: an acid-soluble and an acid-insoluble form differing in their meta¬ 
bolic and physiological functions.** •** 

In the earlier literature on the naturally occurring metaphosphate no 
molecular weight determinations are described. Investigating the enzyma¬ 
tic breakdown of very high molecular metaphosphates, Ingelman and 
Malmgren‘* raised the question whether at least a fraction of the meta¬ 
phosphate found in microorganisms, e.g., AspergiUtis niger, could be of 
colloidal nature. However, the isolation of undegraded metaphosphate of 
high molecular weight in a soluble form is difficult. First, the cells contain 
a powerful enzyme which breaks down the substance and, second, the high- 
molecular metaphosphate is a labile substance. Both at low and high pH 
values, the rate of spontaneous breakdown is high. Therefore, it is impor¬ 
tant to find a suitable method to remove the enzyme and other organic 
substances in such a procedure. Applying the following technique, Ingel¬ 
man*’** succeeded in isolating a high-molecular, nondialyzable substance 
of high phosphorus content. Aspergillvs niger was extracted at a slightly 
alkaline pH. The extract was then filtered through large amounts oi active 
'carbon in order to remove the enzyme and other organic material. Finally 
the solution was dialyzed in cellophane bags and dried in vacuo in the 
frozen state. One of the preparations contained 25% phosphorus and 
15% sodium. The characteristic absorption of nucleic acids in ultraviolet 
light could not be observed. The ash content was about 85%. The sedi¬ 
mentation constant found in the ultracentrifuge was 2.3 S. Another prepa¬ 
ration obtained contained 29.3% phosphorus. The ash content was more 
than 90% and the sedimentation constant 2.3 S. This investigation indi¬ 
cated that almost all the substance isolated must consist of sodium meta¬ 
phosphate, (NaFO))n, of high molecular weight, i.e., an inorganic colloid. 
From the sedimentation constants obtained a molecular weight of about 
8000 can be estimated for this substance. 

Wiame's** ■**•** investigations suggest that the substance in yeast cells 
called “volutin,” which can be detected by a special staining technique, 
contains metaphosphate. The role of volutin in yeast has been investi¬ 
gated by Lindegrcn.*' Due to the energy-rich phosphate bonds in meta- 

" G. Schmidt, L. Hecht, and S. J. Tannhauser, J. Biol. Chem. 186, 775 (1946). 

'* E. )uni, M. Kamen, J. Reiner, and 8. Spiegelman, Areh. Biochem. 18,387 (1948). 

** J. M. Wiame, Rtv. fermentationo et inda. aliment. 8, 83 (1948). 

•• J. M. Wiame, Federation Proc. 6, 302 (1947). 

” B. Ingelman, Acta Chem. Seand. 1, 770 (1947). 

** B. Ingelman, Sveneit Kern. Tid. 60.222 (1948). 

•’ J. M. Wiame, Bull. eoe. cAtm. biol. 18, 552 (1946). 

•• J. M. Wiame. /. Am. Chem. Soe. 68. 3146 (1947). 

” C. C. Undegren, Proc. Natl. Aead. Set. U. S. Si. 187 (1948). 
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phosphate this substance probably supplies energy to important processes 
in bacteria and fungi. Lindegren^s studies suggest that in yeast this volutin 
is essential for chromosome division. It is not yet definitely established 
whether the metaphosphate itself or perhaps an organic complex contain¬ 
ing metaphosphatc represents the compound originally present in the cell. 

As far as the author knows metaphosphate has not yet been found in 
higher animals. It is rather unlikely that metaphosphate of high molecular 
weight should occur in animals. A preliminary study‘s showed that only 
low-molecular metaphosphates are broken down by organ extracts. Whether 
or not substances of low molecular weight with a metaphosphate-like 
structure occur in animals is a question which cannot yet be answered. A 
more thorough study of the occurrence of metaphosphate and its enzyma¬ 
tic degradation has just begun; consequently it is yet very difficult to make 
definite statements about the biological significance of theses substances. 
However, it seems very probable that metaphosphate and the enzymes 
which break down this substance are of great significance for important 
physiological functions in at least certain species of microorganisms. 

References added in proof: 

"H. Malmgren, Acta Chem. Scand. 3, 1331 (1949). 

” G. Schmidt, L. Hecht, and S. J. Tannhauser, J. Biol. Chem. 178, 733 (1949). 

J. M. Wiame, J. Biol. Chem. 178, 919 (1949). 

** B. Ingelman and H. Malmgren, Acta Chem. Scand. 4 , 478 (1950). 
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L Introduction 

The sulfatases are enzymes which hydrolyze the numerous sulfuric 
esters, according to the general reaction: 

ROSO.K + H,0 ROH -f KHSO 4 
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These cmymea have been the subject of a number of reviews**^; reference 
should be made to these for the details which cannot be covered here. 

Several types of sulfatases may be distinguished according to the nature 
of the sulfuric esters which they hydrolyze: 

Type of sulfatase Esters hydrolyzed 

Phenolsulfatase. Esters with an aromatic radical e.g.,mono< 

phenylsulfuric ester) 

Giucosulfatase. Esters with a carbohydrate radical (e. g., 

glucose-G sulfuric ester) 

Chondroaulfatase. Chondroitinsulfuric acid 

Myroaulfatase..... Sinigrin 


This classification results from the combination of the specificities of 
action of the different preparations of sulfatases obtained up to the present 
time. For example, the sulfatase of taka-diastase hydrolyzes only sulfuric 
esters with an aromatic radical, without attacking sinigrin^ or the esters 
with an aliphatic radical, or, in a general manner, any other sulfuric ester; 
on the other hand, the enzyme preparations obtained from animal tissues 
are capable of hydrolyzing the sulfuric esters with an aromatic radical as 
well as potassium myronate (sinigrin)*; the enzyme preparations obtained 
from Pseudomonas eisenbergii can hydrolyze chondroitinsulfuric acid as 
well as glucose—and saccharose—sulfuric acids and potassium myronate^; 
the sulfatase contained in myrosinase (or sinigrinase) liberates sulfuric acid 
from sinigrin, but has no effect on phenolsulfuric ester^ or chondroitin¬ 
sulfuric acid.^ 


n. Phenolsulfatase 

In 1911, Derrien* demonstrated the existence in Murex of an enzyme, 
which he named purpurase, which hydrolyzes potassium indoxyl sulfate 
to free indoxyl and potassium acid sulfate. In 1924, Neuberg and Kurono* 
found in taka-diastase a similar enzyme capable of hydrolyzing potassium 
phenyl sulfate. This is the enzyme to which Neuberg gave the name sul¬ 
fatase, later changed to the more precise one of phenolsulfatase. 

‘ C. Neuberg and E. Simon, Ergeb. Physiol, SI, 896 (1932). 

• C. Oppenheimer, Die Fermente und ihre Wirkungen. Suppl. I, Junk, The Hague 
1936, p. 171. 

»C. Neuberg and J. Wagner, in Oppenheimer, Methodik der Fermente. Thieme, 
Leipzig, 1929, p. 760. 

• C. Fromageot, Ergeb. Enzymforsch, 7,60 (1933). 

• C. Neuberg and J. Wagner, Biozhem. Z. 171, 457 (1923). 

• C. Neuberg and J. Wagner, Z. ges. exptl. Mei. 63,331 (1927). 

» C. Neuberg and E. Hofmann. Bioehem. Z. 234, 315 (1931). 

• M. Derrieo, Bull. soc. chim. France (IV) 9,110 (1911). 

• C. Neuberg and K. Kurono, Bioehem. Z. 110,205 (1923). 
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1. Methods or Ikvbstioation 

Qualitatively, the action of phenolsulfatase may be demonstrated by 
using potassium indoxyl sulfate as the substrate: in the course of enzy¬ 
matic hydrolysis, indoxyl is liberated; the latter is easily oxidized to indigo, 
and the solution under test therefore assumes a green color. The dye 
promptly precipitates in blue flakes; on the other hand, it dissolves partly 
in toluene, which then takes on a red coloration.*** 

Most of the quantitative studies on the action of phenolsulfatase have 
been carried out in the following manner": 

To a flask is added a solution of the potassium salt of the sulfuric ester, at about 1% 
concentration, and then the enzyme preparation to be studied; calcium carbonate is 
added to maintain neutrality of the mixture during the course of the experiment (this 
neutrality would be speedily destroyed by the liberation of potassium acid sulfate 
by hydrolysis of the sulfuric ester). The sterility of the mixture is assured by the 
addition of a little toluene. After a certain period of time, the sulfuric acid which has 
remained combined with the organic radical is assayed. 

The manometric Warburg apparatus may also be employed; use is made of the ac¬ 
tion on sodium bicarbonate of the potassium acid sulfate produced. 

Huggins and Smith" recently reported an excellent method for the study of phenol¬ 
sulfatase, with p-nitrophenyl sulfate as the substrate. p-Nitrophenol liberated by the 
enzyme gives a yellow color in alkaline medium which lends itself perfectly to quan¬ 
titative measurement; the unit of phenolsulfatase is defined as the quantity of enzyme 
which produces a color intensity equivalent to that of 10 y of p-nitrophenol in 10 
hours at 37**, when placed into 10 ml. Q.bN acetate buffer at pH 5.8 with O.OOSJf] sub¬ 
strate. 


2. DismiuunoN 

Phenolsulfatase is present in lower plants (Asperffillus oryzae^'*), in lower 
animals (molluscs"), and in higher animals (in most of the organs of the 
rat, guinea pig, dog, pig, calf, and man). The livers, adrenals, and kid¬ 
neys are generally the most abundant sources of the enzyme.**'** According 
to Huggins and Smith,** phenolsulfatase is found in rat neoplasms in sig¬ 
nificantly higher amounts than in normal tissues. Thus, a pleomorphic 
transmissible rat sarcoma contains 0.8 to 1.7 units of phenolsulfatase per 
mg., while the striated muscles and connective tissues, considered to be 
the tissues of origin for this type of tumor, contain, respectively, only 0.2 
and 0.02 units of the enzyme. 

** C. Neuberg and J. Wagner, Bioehem. Z. lU. 492 (1925). 

*' C. Keuberg and E. Hofmann, tfaturwiutnzefurfUn 19, 484 (1931). 

" C. Huggins and D. R. Smith, J. Biol. Chem. 170.391 (1947). 

" T. Soda, J. Fac. Seitneet Tokyo (I) 8.149 (1030). 

** C. NeulMrg and E. Simon, Bioehem. Z. 168,305 (1925). 

*' C. Hommerberg, Z. phytiol. ehem. 800,60 (1931). 

** L. Roaenfeld, Bioehem. Z. 157,434 (1925). 
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3. Methods op Preparation 

Phenolsulfatase, of plant as well as of animal origin, is not tightly bound 
to the solid portions of the cell. This fact makes it possible to obtain en¬ 
zyme preparations which, in relation to their total mass, are richer in sul- 
fatase than simply ground tissues or even taka-diastase. Concerning the 
latter preparation, Neuberg and Wagner'® showed that the maceration 
juice obtained by leaving taka-diastase in aqueous solution for some time, 
then clarifying by filtration, possessed the same hydrolytic activity as a 
corresponding amount of taka-diastase itself. Concerning the sulfatase of 
animal organs, Neuberg and Simon*^ established that it likewise is not 
dependent on the presence of intact cells of these organs; these authors 
indeed obtained active enzyme preparations either as dry powders derived 
from ground ti.ssues, treated with ethanol and diethyl ether or with ace¬ 
tone, or as solutions prepared by extraction of the various tissues with 
water containing some toluene, followed by centrifugation of the aqueous 
suspension of the tissues. Later, Hommerberg'^ studied the purification of 
phenolsulfatase by various procedures. But up to the present time no ex¬ 
tended purification of the enzyme has really been achieved. 

4. Specificity 

Chemical Specificity, Fromageot^ has brought together the? whole series 
of the various sulfuric esters which have been studie<l from the point of 
view of their hydrolvzability by phenolsulfatase. The rcvsults demonstrate 
that .sulfuric estens, in order to be hydrolyze<l by phenolsulfata.se, not only 
must po.ssess an aromatic nuchais, but it is also m^ce.ssiiry that the esteri¬ 
fication from which they result be between the .sulfuric acid and a hydroxyl 
group directly attached to the nucleus (phenolic hydroxyl group). 

Optical Specificity, Weinmann'^ was the first inve.stigator to attempt to 
obtain evidence of stereochemical specificity of t)henolsulfatase by allowing 
the enzyme to act on DL-m-methyleyclohexyl-p-phenolsulfuric ester; this 
investigation did not reveal any difference in the rates of hydrolysis of the 
D- and L-forms. On the other hand, the stereochemical .sj^ecificity of the 
action of phenolsulfatase is clearly apparent during the hydrolysis of 
DL-p-sf?c-Vmtylphenolsulfuric ester, carried out by Fromageot'*; the phenol 
liberated by this hydrolysis is indited d<?xtrorotatory, and this is true of 
the action of plant sulfata.se (taka diastasc) as well as of animal sulfatase 
(ground pig liver). 


5. Kinetics 

Influence of pH . The effect of pH on the rate of hydrolysis of potassium 
p-nitrophenyl sulfate by the phenoLsulfatasc of taka-diastasc has been 

F. Weinmann, Biochem, Z, 206, 214 (1929). 

C. Fromageot, Biochem, Z. 808, 482 0929). 
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studied by Huggins and Smith^® in acetate (pH 4 to 6.6) and phosphate 
(pH 6 to 8.12) buffers.'Enzyme activity is greater in acetate buffer, pH 
being equal; it reaches a maximum at pH 6.12, when the buffer system is 
made up of a mixture of 0,5N sodium acetate-acetic acid. 

Influence of Substrate Concentration, The rate of enz)niie action as a 
function of substrate concentration follows the law of Michaelis and Men- 
ten. The maximum rate is attained at a substrate concentration of O.OlAf. 
The Michaelis constant (at 37° and pH 5.8) is 0.7 X lO^Af. 

HI. Glucosulfatase 

Glucosulfatase was discovered by Soda and Hattori*’ in snails belong¬ 
ing to the genus Eulota, This enzyme hydrolyzes glucose-6-sulfuric ester 
according to the reaction: 

C.HiiOi—O-SO,K -f H 2 O C.HisOe 4- KHSO 4 

which has been established by determination of the glucose and sulfuric 
acid produced.*^ In addition to a series of publications by Soda and col¬ 
laborators, glucosulfatase was the subject of a general work*® which brought 
together the results of each of the separate publications. 

1. Methods of Investigation 

The typical substrate for the study of glucosulfatase is glucosesulfuric 
ester, which is used as the potassium, sodium, or barium salt; it is con¬ 
veniently obtained by the method indicated by Soda.“ To study its en¬ 
zymatic hydrolysis, a solution of the ester is mixed with the enzyme prep¬ 
aration, calcium carbonate to maintain the neutrality of the medium, and 
1 to 2% chloroform; the mixture is maintained at a temperature of 35°. 
The course of the reaction is followed by determining either the sulfuric 
acid liberated into the medium or the sulfuric acid which remains esterified; 
the latter is separated by hydrolysis with hydrochloric acid. The following 
indirect method*® may also be used : since the pH optimum of glucosulfatase 
is close to 5, the enzyme is allowed to act on the barium salt of glucose¬ 
sulfuric ester in a buffer solution made up of one part 2N acetic acid and 
5 parts 2N neutral barium acetate (pH 5.2). The reaction: 

(C.HuO.SO,),Ba -f 2 H,0 + {CH,COO),Ba 2 4- 2 BaS04 -f 

2CH,COOH 

liberates acetic acid, which is easily titrated. It is e\ddent that the Warburg 
manometric method may l>e employed here to good advantage. 

T. Soda and C. Ilattori, Proc. Imp. Acad. Tokyo 7, 269 (1931). 

T. Soda and C. Hattori, Bull. Chem. Soc. Japan 6, 258 (1931). 

** T. Soda and P. Egami, Bull. Chem. Soc. Japan 8,148 (1933). 

»• T. Soda, Bull. Chem. Soc. Japan 8, 37 (1933). 

®® T. Soda and F. Egami, J. Chem. Soc. Japan 65,256 (1934). 
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2. Distribuiion 

Glucosulfatase is found in bacteria belonging to the group of Pseudo* 
monos eisenbergii,^ Among the lower animals, it is present in many mol¬ 
luscs, arthropods, and echinoderms.**‘*^ A general article by Fromageot* 
contains a list of these animals with their relative contents of enzymes. 

3. Method of Preparation 

The best preparations of glucosulfatase have been obtained from the 
liver of Charonia lampas^^ Soda and Egami®‘*“ described a method of 
purification of the enzyme which yielded a product 20 times more active 
than the initial preparation. This method, which takes into account the 
fact that phosphates are inhibitory to glucosulfatase, results among other 
things in the elimination of phosphates, which are always present, to a 
greater or lesser degree, in the enzyme solution. To 49 ml. of autolyzate 
prepared from 20 g. acetone-dried liver and 100 ml. water are added 2 ml. 
2N ammonia, 4 ml. 12% sodium sulfate, and 8 ml. 10% barium chloride; 
the pH of the solution rises to 9.5-10.0. The precipitate which forms is 
eliminated by centrifugation; the clear liquid is neutralized with acetic 
acid. This solution is then treated with 4 ml. aluminum hydroxide gel and 
with 2 g. activated charcoal. 


4. Specificity 

Besides glucosesulfuric ester, the glucosulfatase of animal origin is 
capable of hydrolyzing various sulfuric esters of carbohydrates, mono-, di-, 
or even tetrasulfuric esters of galactose, saccharose, maltose, etc.*'** ** 
Soda, Hattori, and Terasaki*® isolated from molluscs {Charonia) a white, 
fat-free powder consisting of a very impure natural sulfuric ester which 
could be hydrolyzed, at least in part, by glucosulfatase. On the other hand, 
the hydrolysis of chondroitinsulfuric acid is essentially nil under the same 
conditions which bring about almost 80% hydrolysis of glucose sulfate. 
Glucosulfatase and chondrosulfatase are, therefore, different enzymes. 

On the other hand, the glucosulfatase of bacterial origin is capable of 
hydrolyzing the sulfuric esters of glucose and saccharose as well as chon¬ 
droitinsulfuric acid.** 


5. Kinetics 

Influence of pH. With purified preparations obtained from Charonia 
liver, and using acetic acid-barium acetate buffer solutions, Soda***** 
found that the pH optimum of the action of glucosulfatase is close to 5. 

** B. Tanko, Biochem. Z. 217, 480 (1032). 

** T. Soda and C. Hattori, J. Ckem. Soc. Japan 51, 50 (1033). 

*• T. Soda and C. Hattori, Bull. Chem. 8oc.«/apoA8,05 (1933). 

T. Soda and S. Koyama, J. Chem. 8oe. Japan 55, 1338 (1035). 

T. Soda and F. Egami, /. Chem. Soc. Japan 54,1069 (1933). 

•• T. Soda, C. Hattori, and H. Terasaki, J. Chem. Soc. Japan 57,981 (1936). 
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Influence of VarioiAS Substances. The action of glucosulfatase is inhibited 
by fluorides, phosphate^, borates, and sulfates.** •*® The inhibition by 
fluorides is of particular importance; that by sulfates is the weakest. A 
0.5Af concentration of borates or phosphates is sufficient to stop hydrolysis 
entirely. 

Soda**'** furthermore compared the effect of a series of sugars on the 
rate of hydrolysis by glucosulfatase.* Among the hexoses, glucose causes 
the strongest inhibition, but among all the sugars, maltose and cellobiose 
have an inhibitory effect of distinctly greater magnitude than glucose. 

6. Glucosulfatase and Phenolsulfatase 

The distinction between glucosulfatase and phenolsulfatase is based on 
the following observations: (i) Glucosulfatase is labile in alkaline medium; 
it loses most of its activity if it is maintained for some hours near pH 8; 
under these conditions, phenolsulfatase is entirely stable. {2) The pH 
optimum of phenolsulfatase is 6.1 while that of glucosulfatase is near 5. 
{3) The two enzymes are adsorbed in a different manner on activated char¬ 
coal and, under suitable conditions, the adsorption of phenolsulfatase may 
be considered selective compared to that of glucosulfatase. (4) The activity 
of glucosulfatase is considerably decreased in a 0.53/ glucose solution while 
that of plicnolsulfatase is either unchanged or significantly increased under 
the same conditions.** (J) Soda and Kawamatsu** showed that although 
the concentrations of glucosulfatase and phenolsulfatase are of the same 
order of magnitude in a series of invertebrates, there are certain molluscs 
which contain a sizable amount of glucosulfatase but practically none of 
phenolsulfatase. 

IV. Chondrosulfatase 

The existence of a chondrosulfatase has been probable since 1914 when 
Ncuberg and Rubin** established the formation, among other products, of 
inorganic sulfate from chondroitinsulfuric acid by the action of putrefactive 
bacteria. It was not until 1931, however, that Neuberg and Hofmann^ ** 
demonstrated the existence of chondrosulfatase by obtaining a preparation 
from an organism related to Pseudomonas eisenbergit^ this preparation was 
capable of separating quantitatively the sulfate radical of chondroitinsul¬ 
furic acid, according to the reaction: potassium chondroitinsulfate —♦ 
2 KHSO4 + degradation products of the chondroitin radical (acetic acid, 
reducing substances, etc.). 

1. Methods or Investigation 

Since chondrosulfatase acts on chondroitin- or mucoitinsulfuric acid, 
the investigation of this enzyme requires the preparation of one or the 

•• T. Soda and P. Egami, J. Chem. Soc. Japan 65,1164 (1934). 

•* T. Soda, jr. CKsm. Soc. Japan 67, 509 (1936). 

“ T. Soda and 8. Kawamatsu, J. Chsm. Soc. Japan, 67,597 (1936). 

** 0. Neuberg and O. Rubin, Biochm. Z. «T, 83 (1914). 
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other of these acids. The preparation of chondroitinsulfuric acid is carried 
out by combining the methods described by Levene*^ and Sawjalow.*^ 
Mucoitinsulfuric acid is obtained either by following the technique re¬ 
ported by Neuberg and Cahill*® starting with umbilical cords (100 cords 
give about 5 g. of a product containing neither inorganic sulfate nor re¬ 
ducing substances) or according to the method of Levene and Lopez- 
Suarez*^ starting with beef eyes (using the corneas and lenses). 

As has been indicated for the other sullatases, the action of chondrosul- 
fatase may be followed by determining hydrolyzed sulfuric acid; however, 
in contrast to the preceding instances, this determination must be made 
directly, by assay of the liberated sulfuric acid, and cannot be carried out 
indirectly, by assay of the sulfuric acid which remains attached to the 
organic radical. The reason for this restriction is the fact that chondroitin¬ 
sulfuric or mucoitinsulfuric acids, w^hich serve as substrate for the enzyme, 
are precipitated by the reagents used to eliminate sulfate and phosphate 
ions and proteins from the medium, as required in the indirect assay. * 

2. Distribution 

Chondrosulfatase has been shown to be present in several species of 
bacteria: Proteus vulgaris, Pseudomonas aeruginosa, and an organism iso¬ 
lated by Neuberg and Hofmann** and related to Pseudomonas eisenbergii, 
Chondrosulfatase is not present in the molds of the type Aspergillus or in 
higher plants. It does not appear to be present either in the higher animals. 

3. Methods of Preparation 

Bacteria containing chondrosulfatase are grown under suitable condi¬ 
tions,** collected and washed with distilled water; when treated with ace¬ 
tone-ether, they yield a powder from which the enzyme may be extracted 
by maceration for 3 days at 25*^ with 20 times by weight of water in the 
presence of toluene. Centrifugation yields a clear liquid, active on chon¬ 
droitinsulfuric acid but still containing several other enzymes. 

4. Specificity 

Preparations of chondrosulfatase attack chondroitinsulfuric acid and 
mucoitinsulfuric acid; they also hydrolyze glucosesulfuric acid, but the 
reasons which establish the fact that glucosulfatase and chondrosulfatase 
are two different enzymes have been indicated (Sect. 111-4). On the other 
hand, chondrosulfatase does not attack phenolsulfuric acid or sinigrin. 

XT Monographs of the Rockefeller Institute for Medical Research, 

No. 18,1922. 

•• W. Sawjalow, Z. physioL Chem, 126* 219 (1923). 

•• C. Neuberg and W. L. Cahill, Emymologia 1, 22 (1936). 

P. A. Levene and J. Ldpez-SuArez, J. Biol. Chem. 86* 105 (1918). 
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V. Myrosulfatase 

Neuberg and Wagner* found an enzyme in animal tissues which detached 
the sulfate radical of sinigrin (potassium myronate) without causing the 
slightest hydrolysis of the glucosidic linkage: 

CjHiiOsSC^^^NC jHs I_O__ 

1 CH,OHCHOHCHCHOHCHCHS + KHSO. 

OSOtOK I I 

O-C==NC,H» 

Sinigrin Merosinigrin 

This is the enzyme which Neuberg and Wagner called myrosulfatase. 

1. Methods of Investigation 

The typical substrate of myrosulfatase is sinigrin; this substance is pre¬ 
pared to the method of Schneider and Wrede®* and is obtained entirely 
pure after recrystallization from alcohol according to the technique de¬ 
scribed by Neuberg and Wagner.® 

The action of myrosulfatase is followed by determining the sulfuric 
radical which remains attached to the organic radical of the substrate, as 
with phenolsulfatase and glucosulfatase; the elimination of released sulfate, 
phosphates, etc. from the medium must be carried out always by precipi¬ 
tation with a solution of barium acetate rather than with an alkaline solu¬ 
tion of barium chloride, since the latter significantly decomposes potassium 
myronate even in the cold. The remainder of the procedure follows the 
details given for phenolsulfatase. 

2. Distribution 

Myrosulfatase is not present in molds of the type AspergiUns^] it has 
not yet been encountered in bacteria. In higher plants, it is present in the 
C'ruciferae, where together with thioglucosidase it constitutes myrosinase.** 
In higher animals, it is found in the liver, muscle, and kidney of the horse 
and the rabbit.® 


3. Methods of Preparation 

The myrosulfatase preparations obtained up to the present time from 
animal tissues consist simply of these tissues ground and used fresh; the 
maceration liquid obtained from the same tissues does not contain any 
myrosulfatase. 

In order to obtain the enzyme from the Cruciferae it is necessary to 

" W. Schneider and F. Wrede, Ber. 47, 2225 (1914). 

*• C. Neuberg and O. von Schonebeck, Biochem, Z. 866,223 (1933). 
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separate it from the thioglucosidase. First of all, an aqueous solution of 
myrosinase is prepared according to the technique described by Neuberg 
and Wagner,* by aqueous extraction of white mustard seeds followed by 
precipitation of the ensyme with 93% ethanol and washing of the precipi¬ 
tate with 70% ethanol; the washing is repeated several times, and the 
activity of the precipitate is significantly increased by this step. Finally, 
the washed residue is redissolved in water. In order to separate myrosul- 
fatase and thioglucosidase in this solution, Neuberg and Schonebeck** make 
use of adsorption phenomena, employing successively kaolin, iron hydrox¬ 
ide, different varieties of alumina and “osmosil.” These authors also make 
use of the fact that myrosulfatase may be precipitated by mercury acetate 
and lead phosphate, and that it is easily eluted with secondary sodium 
phosphate. Neuberg and Schonebeck have thus been able to obtain from 
the crude myrosinase an enzyme which in 24 hours detaches 80% of the 
sulfuric radical or sinigrin without attacking the thioglucosidic linkage. 

4. SpEcinciiY 

It is probable that myrosulfatase is capalde of detaching the sulfate 
radical not only of sinigrin but also of analogous substances such as sinalbin 
and glucocheiroline.* 
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I. Historical 

Invertase has been knoi;vii the longest of all the carbohydrases. Its his¬ 
tory goes back to 1828, when Dumas and BouUay^ showed that sucrose 

' J. Dumas and P. Boullay, Ann. chim, ei phye, S7, 45 (1828). 
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fermentation by yeast takes place only when one molecule of water is taken 
up. The inverting action of yeast was discovered by Persoz in 1833. In 
1860 Berthelot* isolated the enzyme by alcohol precipitation and gave it 
the name ^^ferment inversify** whence the present terms “invertase’ and 
“invertin’* are derived. Other synonyms are “sucrase” and “saccharase.” 

Two types of invertase can be distinguished according to whether the 
fructose or glucose end of the molecule is attacked: fructosidase (fructo- 
furanosidase, iS-A-fructosidase) and glucosidase (a-n-glucosidoinvertase, a- 
glucopyranosidase) (see pages 542-546). 

n. Occurrence 

1. Yeasts 

Both types are contained in ordinary yeast,®* * which is the main 
source of invertase. It is present in Saccharomyces carlsbergcnsis and 
S. cerevisiae, and occurs in mast baker’s, brewer’s, and distiller’s, and even 
in lactose-fermenting yeasts; however, several Saccharomyces varieties (*S. 
albicans j S. octosponiSy S. apiculatusy and some Torula varietic's) are said 
to be invertase free. The large excess present in yeast cells may be a symp¬ 
tom of physiological hypertrophy and does not seem to have any function. 
The hydrolysis of raffinose by the enzyme of Schizosaccharomyces octo- 
sporus, which does not attack saccharose but wfis claimed to be saccharase 
by Lindner,® may be due to an a-galaotosida.se. Organisms (*S. cxignuSy S, 
ludwigiiy Zygosaccharoniyces marxianus) whi(‘h contain invertase but lack 
maltase will not ferment malto.se, which shows that inverta.se and maltase 
could hardl}’’ be identical (.see also p. 543). 

2. Other CRYFroGAMs 

Invertase has l>een detected in .several other cryptogams.^"® (Sc*e also 
p. 1322 of Bamann-Myrback*”). According to von Kuler et al.^^ Penicillium 
glaucum contains gIucoinverta.se while Aspergilli show' fructoinvertase ac¬ 
tivity. The presence of fructosidase in Aspergillus oryzae has been proved,""'* 
but different conditions of culture may lead to adaptive enzyme formation. 

* M. Berthelot, Compt. rend. 60, 980 (1860). 

*H. von Euler and S. Asarnoj, Fermentforsckung 3, 318 (1920). 

* H. von Euler, Fermentforechung 4, 242 (1920). 

* P. Lindner, Wockschr. Brau. 17, 173 (1900). 

•A. B^champ, Compt. rend. 46, 44 (1358). 

^ U. Gayon, Compt. rend. 86, 62 (1878). 

* C. Kosmann, Bull. aoc. chim. (N.S.) 27 , 251 (1877). 

•E, Bourquelot, J. pharm. chim. (6) 16, 678 (1902). 

*•£. Bamann and K. Myrb^k, Die Methoden der Ferincntforschung. Thieme, 
Leipzig, 1941; Academic Preaa, New York, 1946. 

H. von Euler, K. Josephson, and B. Soederling, Z. physiol. Chem. 136, 1 (1924). 

»*H. Amelung, Z. physiol. Chem. 187, 171 (1930). 

>*£. Hofmann, Biochem. Z. 273, 198 (1934). 

Guagnini and D. Jacovkis, Induetria y quimica Buenos Aires 6 , 207 

(1947). 
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Pringsheim ei al}^ state that Aspergillus weatii sometimes contains fnicto- 
invertase, sometimes glucoinvertase. A. niger^^ forms fructosidase exclu¬ 
sively when grown on raffinose, but melibiase as well in Raulin’s medium 
and no invertase at all unless the culture medium contains sucrose or 
raffinose.'®”*^ Most invertase is produced if the culture medium contains 
sucrose and inulin; abnormally high quantities are found when potassium 
or magnesium is lacking.^® (lonerally the invertase content of molds is 
lower than that of yeasts. In molds as in yeasts invertase is dissolved within 
the cell but not secreted by it, i.e., an endoenzyme.^® According to Wasser- 
zug,'^* ho\vever, fusaria secrete invertase after the development of the 
conidia. In wine‘^^ and in beer'*^^ autolysis of the dying yeast cells is responsi¬ 
ble for the presence of invertase. In must invertase is derived from both 
yeast and grapes. Similarly cell damage caused by prolonged autolysis 
results in the presence of invertase in older culture fluids.*^ Invertase dis¬ 
solved in wine is stable for prolonged periods.*^ 

3. H.\cteria and Othek Microorganisms 

Green algae-* and many bacteria contain invertase, t.e., acetic acid and 
lactic acid bacteria, though not all strains. The amounts vary in Escherichia 
coli but are rather uniform in ThermohacterUun mobile and sulfur bacteria.^ 
The lower the nitrogen c<mtent of the E. coli the lower the saccharase 
activity.^’* Invertase* has also l)een demonstrated in several pathogenic 
bacteria (Vibrio cholerae, streptococci, and pneumococci) (seealso p. 1213 of 
Hamann-Myrback'*^). 

4. Plants 

Blossoms,^® leaves, and fruits**'®* of most higher plants contain in- 

** H. Pringsheim, H. Borchardt, and F. Loew, Z. physiol. Chem. 202, 23 (1931) 

Z, I. Kerti^sz, Fermentforschung 9, 300 (1928). 

Z. I. Kert^sz, Plant Physiol. 6 . 249 (1931). 

** Z. I. Kert^sz, Chem. Centr. 1932, I, 0^. 

»» G, von Doby and Z. I, Kertdsz, Z. physiol. Chem. 189, 177 (1930). 

It. K. Saksena and S. K, Hose, J. Indian Botan. Soc. 23, 108 (1944); Chem. Ab 
sir acts 42 , 4206 (194S). 

E. Wasserzug, Ann. Inst. Pasteur 1, 525 (1886); Chem. Centr. 1888, II, 974. 

"H. Muller.Thurgau, Landw. Jahrb. 14, 909 (1885). 

« A. Hau, Wachschr. Bran. 19, 41 (1902). 

** A. Fcrnbach, i>iOppenheimer, DieFermente. 5thed., Vol. I,G. Thieme, Leipzi 
1925, p. 550. 

*• C. von der Heide, Z. Untersuch. Lehensm. 67, 13 (1929). 

*• K. Sjoeberg, Fermentforschung 4, 97 (1920). 

”S. Forssmnn,'Biochem. Z. 264, 231 (1933). E. Hofmann, Biochem. Z. 273, 198 
(1934). 

A. I. Virtanen and J. Ley. Arch. Biochem. IS, 169 (1948). 

A. B6charap, Compi. rend. 69, 496 (1864). 

•® V. Plouvier and A, Sosa, Bull. soc. chim. biol. SO, 273 (1948); V. Plouvier, Ann. 
sci. not. Botan. el biot. vIgHale 8, 204 (1942). 

** L. Rosenthaler, Fermentforschung 8, 282 (1925). 

“ A. Bosa-Bourdouil, Compt. rend. 224, 1651 (1947). 

**J. 8, Trifu, Polytechnica Bucuresti Facultatea Agronom. 20, 3 (1945); Chem. 
Abetraeie 42, 2800 (1948). 
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vertase, which is reported to be an endoenz3^o ^dso in plastids.^ A signifi* 
cant amount is present in Gramineae** and it increases in the barley and 
tomato plant during ripening.*®*** In sugar beet invertase occurs in stem 
and leaves. For distribution in the roots, see Wanner and Leopold.*® The 
mineral nutrients exert a definite influence on the invertase content of 
plants^®* *® (cf. page 629). 


6. Invertebrates 

In invertebrates extracts,*'* ** blood, eggs,^ saliva, intestines, and partic¬ 
ularly the honey bladder of bees*** *® were found to contain invertase. 
Primitive animals such as the jelly fish*® also contain the enzyme. Honey 
invertase may not be identical with yeast invertase.*^**® It has no eSfect 
on raffinose,*®* ®® which points to a glucoinvertase. 


6. Vertebrates 

The same is true for the invertase of higher animals which does not 
cleave raffinose, is inhibited by a-glucose, and appears to be glucoinvertase 
exclusively. In contrast to invertebrates, neither gastric juice®* nor saliva** 
of vertebrates contain saccharase (but, see Jona** and Vandevelde** for 
contrary claims). In adults invertase is not a metabolic enzyme, since sucrose 
injected parenterally is eliminated unchanged. Its presence in the intestines 

** N. M. Sisakyan and A. M. Kobyakova, Biokhimiya IS. 83 (1948); Chem. A6- 
$tracU ih 7841 (1948). 

•* J. O’Sullivan, Proc, Chem. Soc. 16, 61 (1900). 

••J. Kjeldahl, in von Lippmann, Die Chemie der Zuckerarten. Fr. Vieweg u. 
Sohn, Braunschweig, 1934, p. 1334. M. Gonnermann, ibid., p. 1044. 

H. K. Archbold, Biochem. J. 34, 749 (1940). 

•• L. F. Bailey and J. S. McHargue, Am. J. Botany 39, 763 (1943). 

**H. Wanner and U. Leopold, Ber. echweiz. botan. Oe.. 67, 153 (1947); Chem. 
AbetracU, 42, 6390 (1948). 

L. F. Bailey and J. 8. McHargue, Plant Physiol 19, 105 (1944). 

E. Bourquelot, Compt. rend. 126, 1045 (1838). 

H. Bierry, Compt. rend. 148,949 (1909) ; 162,465,904 (1911). 

**R. Robert, Arch. yes. Physiol. (Pfiiiger^s) 92, 116 (1903); Biol. Zenir. 2, 37 
(1904). 

^ Erlenmeyer, MUnch. Akademie der Wissenschaften 1874,235. 

** Erlenmeyer, Malys Jahresber. Tierchemie 1876, 270. 

** F. Haurowitz, and H. Waelsch, Z. physiol. Chem. 161,300 (1926). 

J. M. Nelson et at., J. Biol. Chem. 193 (1924). 

** J. M. Nelson, et al.^ /• Biol. Chem. 62, 139 (1924). 

P. E. Papadakis, J. Biol. Chem. 83, 631 (1929). 

•• P. E. Papadakis, Dissertation, Columbia University, New York, 1929. 

G. Lusk, Pros. Am. J. Physiol. 10, xxi-xxii (1903-1904). 

“ H. T. Brown and J. Heron, Ann. 204,228 (18H0L 

•• J. L. Jona, Proo. J. Physiol. 40, xxi*xxii (1910). 

** A. J. J. Vandevelde, Biochem. Z. 21,3J4 (190tl). 
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of the fetus** and the stillbom**'**' show that it is not due to ingested food. 
As early as 1878“ • ** it had been described in intestinal extracts where its 
rough localisation was determined some 40 years later.**~** Apparently 
none is present in the small intestine of cattle.” Invertase found in certain 
cysts of the ovaries in humans** also points to an origin in the intestines 
since these are pathological structures derived from fetal endoderm. 

Human invertase is much more thermolabile than yeast invertase.** 
The mucosa of intestines of pigeons’* and the gizzard of chickens also 
contain invertase. Its presence in leucocytes” is still contested.” It is said 
to occur occasionally in the blood of young animals”’ ’* after sucrose injec¬ 
tions, but this effect may be due**~** to gradual mobilization of the invertase 
of the intestine rather than to a new formation. 

ni. Separation 

Numerous methods of separating and purifying invertase have been 
published, but as yet no pure or crystalline invertase has been obtained. 
The purest has recently been prepared by Sumner and O’Kane.’* 

1. Yeast Invertase 
a. Plasmolysis and Autolysis 

Essentially all methods are based on Salkowski’s discovery of autolysis 
in 1889,’*“’* i.e., the aseptic self-digestion of which all cells are capable. Any 

•* K. Miura, Z. Biol. S2. 266 (1895); Chem. Cenlr. 1895. II. 231. 

** M. F. L., Keene, and E. E. Hewer, Chem. Centr. 1999,1, 3109. 

” T. Tachibana, Japan. J. Obetet. Oynecol. 19, 21 (1929). 

*’T. Tachibana, Japan. J. Obetel. Gynecol. 19, 40 (1929). 

I, T. Tachibana, Ber. get. Phytiol. u. expll. Pharmakol. 63, 115 (1^0). 

'* T. Tachibana, Ber. gee. Phytiol. u. expU. Pharmakol. 61, 756 (1930). 

V. Paschutin, in Gillespie, The Natural History of Digestion. W. Scott, Ltd. 
London, 1898, p. 16. 

** C. Bernard, Lemons sur le Diab6te et la Glycogendse animale, Bailliire., Paris, 
1877, p. 259. 

•> F. ROhmann, Biochem. Z. 61, 464 (1914). 

** F. ROhmann, Biochem. Z. 72, 26 (1916). 

•• F. R&hmann, Biochem. Z. 84. 332 (1917). 

** H. von Euler and O. Svanberg, Z. phytiol. Chem. 116, 43 (1921). 

” £. Fischer and J. Niebel, Sit^ . preutt. Akad. Witt, phytik. math. Klatte. 
1896, 30; Chem. Centr. 1886, I. 499. 

•• P. Leoine and H. Bierry, Compl. rend. 177,222 (1923). 

•• H. von Euler and K. Myrbftck, Z. phytiol. Chem. 116,68 (1921). 

’* A. Bernard! and M. A. ^hwars, Biochem. Z. 968,406 (1932). 

” C. H. Boiasevain, Chem. Abitra:tt U. 2356 (1918). 

’* R. S. Morris and T. R. Boggs, Arch. Internal Med. 8 , 806 (1911). 

’• E. Weinland, Z. Biol. 47, 279 (1906). 

£. Abderhalden et al., Z. phytiol. Chem. 69.23,1910-. 00.419 (1914). 

’* J. B. Sumner and D. J. 0*i6me, Bntymologia 19,251 (1948). 

’•E. Salkowski, Arch. path. Anat. Phytiol. (Virchow‘t) 70, 158 (1877). 

” E. Salkowski, Z. phytiol. Chem. IS, 506 (1889). 

’• E. Salkowski. Z. klin. Med. 17.77 (1890). 

’* E. Salkowsld, Molys JoArssksr. Tisreksm. 1800,454 
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decrease of surface tension of the surrounding medium may cause plasmoly- 
sis and leakage of invertase from the yeast cells,*® but the release of an 
enz 3 ane is not merely a matter of mechanical opening of the cell walls and 
liquefaction of the cell contents. Simultaneous degradation of the sub¬ 
stances loosely combined with the invertase sets free the enzyme but 
causes contamination. 

Besides the plasmolyzing agents introduced by Hoppe-Seyler®‘ and Sal- 
kowski,^*~^®' ** i.c., diethyl ether and chloroform, toluene and ethyl 

acetate are most frequently used, but benzene, xylene, carbon disulfide, 
carbon tetrachloride, isosulfocyanates, amyl alcohol, and benzyl alcohol 
were also applied.*^ Decreasing the surface tension of water to half results 
in plasmolysis and the agent need not be a fat solvent. Glycerol*'"~®^ and 
even sucrose and soluble polysaccharides such as gum arabic have 
been used. 

The first fundamental progress can be ascribed to the method of slow 
autolysis devised by O’Sullivan and Tompson,®^ while a substantial simpli¬ 
fication was introduced by Hudson®^* through his rapid liquefaction by 
the use of cell poisons such as toluene. Autolyzates of this type contain 
considerable amounts of native proteins, nucleoproteins, their degradation 
products, and polysaccharides, e.specially gum from the yeast. 

Generally slow autolysis methods are obsolete today and have been 
replaced by rapid autolysis of ordinary or stimulated yeasts. Preparatory 
treatment with sucrose may increase the enzyme content threefold.*^* •* 
Any zymohexose acts as stimulating agent; mannose is said to be superior 
to other monosaccharides.®®’ Probably general anabolic activity in¬ 
creases invertase as the cell substance. Much higher accumulation of in¬ 
vertase is, however, brought about by stimulation of the yeast with small 

B. Kisch, Biochem. Z. 40. 152 (1912). 

F. Hoppe-Seyler, Ber. 4, 810 (1871). 

•* E. Salkowski, Z. physiol. Chem. 31, 305 (19(X>-1901). 

•* E. Salkowski, Z. physiol. Chem. 61. 124 (1909). 

C. Neuberg and H. Lustig, Arch. Biochem. 1. 211 (1942). 

C. Naegeli and O. Low, Siteber. math, naturw. Kl., Bayer. Akad. Wise. MUn- 
Chen, 1878, 177. 

••v. Wittich, Arch. ges. Physiol. (Pfluger's) 2. 193 (1869). 

” V. Wittich, Arch. ges. Physiol. (Pfluger^s) 3. 339 (1870). 

••v. Wittich, Arch. ges. Physiol. (PflUger^s) 6. 435 (1872), 

•* G. Htifner, J. prakt. Chem. (N. F.) 6. 372 (1872). 

•« I. W. Gunning, Ber. 6, 821 (1872). 

•* C. N&geli and O. Low, Ann. 193.339 (1878). 

•• C. J. Lintner, Chem. Centr. 1000, I, 54. 

•• W. Issaew, Z. ges. Brauw. 23, 796 (1900). 

C. O’Sullivan and F. W. Tompson, J. Chem. Soc. 57, 834 (1890). 

8 . Hudson, J. Am. Chem. Soc. 30, 1564 (1908). 

** C. 8. Hudson, J. Am. Chem. Soc. 86 , 1566 (1914). 

•’H. von Euler and H. Cram4r, Biochem. Z. 58, 467 (1914). 

•• H. von Euler and H. Cram4r, Z, physiol. Chem. 89, 272 (1914). 

•• J. Meisenheimer, 8. Gamberjan, and L. Semper, Biochem. Z. 54, 122 (1913). 

J. Meisenheimer, 8. Gamberjan, and L. Semper, Biochem. Z. 67, 364 (1914). 
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quantities of sucrose during fermentation'®* rather than pretreatment 
with large quantities. Relatively purer solutions of invertase are obtained 
by fractional autolysis at neutral reaction. In all cases pH control by addi¬ 
tion of ammonia or diammonium phosphate is advantageous. 

b. Purification 

Once an invertase solution containing a minimum of impurities is ob¬ 
tained, the enzyme must be isolated by adsorption and eluted from the 
adsorbate. Both procedures are complicated and must be adapted to the 
purpose. Adsorption of fructosidase on aluminum hydroxide C*®® either 
from the untreated autolyzate or from a dialyzed autolyzate which has 
previously been freed of protein may yield preparations of considerable 
purity. The precipitable protein can be removed by fractional precipitation 
with ethanol, addition of dilute acetic or sulfuric acid, or by lead acetate,*^ 
though normal lead acetate is said partially to precipitate invertase from 
yeast extracts,*®^ which may be due to absorption by the lead phosphate 
formed. MonsePs salt (basic ferric sulfate) or aluminum hydroxide,*®®""**® 
which may suitably bo replaced by fuller\s earth or bentonite may also 
be used. In strong ethanol or acetone, kaolin and various modifications of 
aluminum hydroxide adsorb little or no invertase. Ferric hydroxide*** 
and its colloidal form**2“*** as well as hematite, the natural ferric hydroxide, 
are equally suitable. Precipitation**^-**® of the fructosidase from rapid 
autolyzates by strontium hydroxide at about pH 8, or ethanol under 
carefully controlled conditions**^ have been used. Uranyl acetate has also 
been applied**®""*^ for purification of the enzymes. An enzymatic digestion 

R. Willstatter, C. D. Lowry, Jr., and K. Schneider, Z. physiol. Chem. 146, 
158 (1925). 

R. Willstatter and C. D. Lowry, Jr., Z. physiol. Chem. 150 , 287 (1925). 

H. Albers and I. Meyer Z. physiol. Chem. 122 (1934). 

F. Hofmeister, Z. physiol. Ch m. 2, 288 (1878^-1879). 

M. Hahn, in Buchner, Zymasegarung. R. Oldenbourg, Munich and Berlin, 1903, 
p. 325. 

L. Michaelis and M. Khrenreich, Biochem. Z. 67, 70 (1913). 

»®’ L. Michaelis, Biochem. Z. 7 , 488 (1908). 

*®* L. Michaelis, Biochem. Z. 10, 283 (1908). 

‘®® L. Michaelis and P. Rona, Biochem. Z. 25, 359 (1910). 

*^® L. Michaelis and P. Rona, Biochem. Z. 115, 269 (1921). 

P. Cornette, Chem. Ztg. 22, Rept. 79 (1898). 

L. Michaelis and P. Rona, Biochem. Z. 7, 329 (1907). 

*** L. Michaelis and P. Rona, Biochem. Z. 8, 356 (1908). 

L. Michaelis and P. Rona, Biochem. Z. 16, 60 (1909). 

*** R. Weidenhagen, Z. Ver. deui. Zuckerind. 86 , 473 (1936). 

R. Weidenhagen and L. Nenninger, Z. Vcr. deut. Zuckerind. 89, 149 (1939). 

'*’ H. von Euler and K. Josephson, Ber. 56, 446 (1923). 

M. Jacoby, Z. physiol. Chem. 30, 135 (1900). 

’*• K. Gl&ssner, Hofmeisters Beitr. chem. physiol. Pathol. 1, 1 (1902). 

‘•® H. Rosell, Thesis, Strassburg, 1901. 

R. Willstatter, Untersuchungen tiber Enzyme, Springer, Berlin, 1928, p. 589. 

*** E. I. Kritschewskaja, Biochem. Z. 272, 348 (1934). 
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method'” is more complicated and gives less pure invertase. Yet another 
preliminary purification is carried out by ethanol, lead acetate, or tannic 
acid.'” When the contaminating protein has been removed, optimal selec¬ 
tive adsorption of the invertase on aluminum hydroxide under slightly 
acid conditions'” in a solution contiuning acetone or on kaolin or lead 
phosphate'” and optimum conditions for elution by sucrose, dilute am¬ 
monia, or salts such as sodium carbonate or disodium phosphate must be 
established. Adsorption methods on bentonite'** or sine sulfide'** have been 
worked out by Hudson and coworkers (fermenting yeast strongly adsorbs 
added invertase'***) • Generally adsorption is fairly rapid but elution, which 
also shows greater dependence on temperature, takes a measurable length 
of time. 

Numerous methods have been evolved for the purification of invertase 
and the reader is referred to recent reviews'®’'**"'** for greater details. 

The complete elimination of the accompanying compounds formed by 
cellular enz}nnes during autolysis presents a problem of preparative, en¬ 
zyme chemistry which as yet has not been completely solved. Elimination 
of glyc<^n presents no difficulties since it is hydrolyzed during autolysis, 
but considerable quantities of yeast gum, a glucomannan, passes into the 
autolysate. By rapid extraction of fresh yeast with chloroform water 
Salkowski**’” succeeded in obtaining an invertase preparation free of gum 
and at the same time refuted the theory that invertase was nothing but a 
polysaccharide. Willst&tter'*®"'** effected the separation by an adsorption 
technique. Adsorption also causes partial preferential elimination of in¬ 
active enzyme from purified and concentrated invertase solutions.'” Most 
recently Sumner** found that yeast gum could be washed out with water 
from a tricalcium phosphate adsorbate thus causing a 1500-2500-fold 
purification or more on an ash-free basis and 3000-fold purification by a 
second adsorption, giving the purest invertase preparation obtained so 
far. Concavalin A, a crystalline jackbean globulin known to precipitate 


>*' W. Grassmson and T. Petera, Z. phytiol. Chem. 904, 136 (1932). 

“* R. WillsUtter, K. Schneider, and E. Wenzel, Z. phytiol. Chem. 151, 1 (1926). 
*•* H. Kraut and E. Wenzel, Z. phytiol. Chem. 142. 71 (1926). 

'*' M. Adams and C. S. Hudson, J. Am. Chem. Soc. OO, 9% (1938). 

'** N. K. Richtmyer and C. 8. Hudson, J. Am. Chem. Soc. 60.983 (1937). 

■v* A. I. Oparin, Chem. Abtlraelt 43. 80C6 (1949). 

>“ R. Willst&tter, Untersuchungen Ober Enzyme, Vols. 1, II, Springer, Berlin, 
1928. K. Schneider, in Oppenheimer, Die Fermente und ihre Wirkungen; Vol. 
Ill, pp. 756-864, 1929. 

'*• C. Neuberg and I. 8. Roberta, Invertase. Sugar Research Foundation Scien¬ 
tific Rept. No. 4, Now York, 1946. 

**• R. Willst&tter and K. Schneider, Z. phytiol. Chem. 138,193 (1924). 

>*' R. Willst&tter and K. Schneider, Z. phytiol. Chem. 143,267 0026). 

R, Willst&tter, K. Schneider, and E. Bamann, Z. phytiol. Chem. 147, 248 
(1926). 

>**R. Willst&tter, Ber. 60, 1601 (1926). 


R. Willstttter, J. Graser, and R. Kuhn, Z. phytiol. Chem. 103,1 (1922). 
>**R. WillsUtter and F. Racks, Ann. 436, 1 (1021). 

'** R. WillsUtter and F. Racks, Ann. 487, 11 (1933). 
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glycogen, precipitates the yeast gum and also saccharase itself, whence 
Sumner concludes that saccharase is most likely a protein-carbohydrate. 

Loss of protective colloids, poisoning of the adsorbent surface, storage, 
other enzymes, as well as dialysis, electrodialysis, concentration, and 
light may account for this partial destruction of invertase. At best purified 
invertase cannot be stored for more than 6 weeks without loss of activity, 
but crude enzyme solutions retain their activity for decades (19 
years).While sensitivity increases with dilution, concentration or 
preparation of dry material also causes considerable loss. Pure enzyme 
cannot be preserved even in sealed glass tubes in the dark at 0®. 

2. Glucoinvertase 

Separation of glucoinvertase has been investigated to a much lesser 
extent. Inert material may be precipitated with lead acetate and super¬ 
ficial purification accomplished by dialysis and low temperature concen¬ 
tration.^^® Dialysis of aqueous solutions of taka-diastase against ethanol 
or acetone^^® has been reported but some kinds seem to be sensitive toward 
these solvents.^” 


IV. Properties 

By determining its rate of diffusion the molecular weight of invertase 
was found to be greater than 20,000. Moelwyn-Hughes^^' gives it as 60,000. 
More recently Dieu^^® by electrophoretic studies and diffusion reports that 
at least two components are involved, an active substance of an approxi¬ 
mate molecular weight of 3500 and a much larger enzymatically inactive 
moiety of a molecular weight of approximately 100,000. Separation is said 
to be difficult on account of the instability of the dilute solution. The 
isoelectric point lies at pH 5. 

Analyses show variable nitrogen content between 6.6 and 12.7% and 
only part of it in the form of amino nitrogen, which led Willstatter and 
coworkers^*®”'®* to doubt the protein nature of the enzyme. Ash of from 
0.1 to 0.25% may be due to minerals forming part of the molecule or to 
impurities. Traces of phosphorus are also present. Some preparations are 
said*^ not to give the biuret reaction. Polypeptide character has not been 
disputed, however; both peptides and amino acids increase the stability 
of invertase solutions.^*^ Invertase practically free of tryptophan or tyrosine 
has been prepared by both Willstatter ei and Albers^®^ although 
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von Euler and Josephson'^’*'"''^^ considered the tryptophan content charac¬ 
teristic of the enzyme; at one time, by an obviously mistaken deduction/^ 
tryptophan was even stipulated as the enzyme carrier. The importance of 
the tyrosyl group appears to follow from the partial inactivation of sac- 
charase by iodine and by tyrosinase (see page 538 and 539). 

V. Stability 

As mentioned in Sect. III-1-6, invertase is surprisingly stable when 
protected by the accompanying substances present in yeast,prob¬ 
ably colloids of the yeast juice which remain unchanged on autolysis, al¬ 
though the possibility of protective carbohydrates must also be considered. 
The lability of invertase will as a rule increase with purification. Part 
of the enzyme may be irreversibly inactivated during adsorption on kaolin. 

1. pH Dependence 

In alkaline solution purified preparations rapidly lose activity, but if 
invertase is not separated from the cells sucrose may be completely split 
at pH values above 8 by fermentation in the presence of sfxlium sulfite, 
magnesium oxide, ammonium hydroxide, disodium phosphate, and sodium 
carbonate to yield glycerol and acetaldehyde.'^®"'^- Yeast invertase is most 
active at slightly acid and most stable at pH 4-5. Careful studies 

of the optimum conditions'^led to the generally accepted value of pH 
4.5, but the divergence at pH 3.5 or 5.5 is small, i\e.y the optimum range is 
rather wide. Invertases from Aspergillus oryzae or intestinal tissue have a 
higher optimum pH of 0-8. Invertases of different origin show optimum 
values'^* ranging from 4.2 to 7 and shifts have frequently teen observed. 

2. Temperature Dependence 

The optimum temperature for formation of invertase in yeast is*®*'®®*'” 
approximately the same as for cell growth and proliferation, 16-30®. When 
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dry, invertase is extremely resistant to heat. According to Salkowski®^'** 
it may be heated to 105° or even to 145-160°; heating in vacuo^^^ to 140- 
150° will not destroy all the invertase. In solution, heating to 60° leads to 
destruction of about half the activity. According to von Euler and Laurin^*® 
the energy for heat inactivation of saccharase at pH 4 is 101,000 cal./mole. 
A compilation of energy and entropy of inactivation values can be found 
elsewhere.Reversible heat denaturation at 50° in acid solution has 
been reported by Chase el a!.Apparently the “raffinase” component of 
the enzyme is the more sensitive.^®^ Von Euler^®^ maintains that a 40% in¬ 
crease in activity may occasionally though not always be effected by heat¬ 
ing dialyzed yeast invertase. Crude invertase precipitated by ethanol was 
found to withstand^®® a 45-minute exposure at —191°. The rate of hydrol¬ 
ysis increases with temperature^®^ and is 3.5 times greater at 45° than at 35°. 

Effects of temperature and pressure on invertase kinetics {Ead.) are 
discuvssed in Section IX. 


3. Irradiation Effects 

The damaging action of ultraviolet light on invertase was recognized 
at an early date by Downes and Blunt*®® and has been the subject of many 
later investigations.*®^ Agulhon*^** *^* in his attempt to classify enzymes by 
their behavior under irradiation states that saccharase is not attacked by 
visible light in vacuum, but that ultraviolet light below 3022 A attacks the 
enzyme, although less than in the presence of oxygen. Inactivation under 
nitrogen*^^ and at different pH v'^alues*^^ *^* has been reported. Short activa¬ 
tions which were said to occur at the start of irradiation of crude solu¬ 
tions*’^ or by intermittent irradiation*’^"*’® may be due to destruction of 
inhibitors. On the other hand postirradiation effects are attributed to the 
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accompanying impurities, yeast gum, and tryptophan.^’^*'^* Yeast- 
and taka-invertase behave differently in this respect. 

o- and /^-radiations of radium have a damaging action on invertase,^^**'*® 
but X-rays were reported by Emmerling'®' to be ineffective. 

4. Inorganic Inhibitors 

The loss of activity in oxidizing solutions has not been fully explained 
as yet. Sizer^®* considers it due to high oxidation potential, not a toxic 
effect on substrate, and finds inhibition of the enzyme irreversible and in¬ 
dependent of purity. Reducing agents such as hydrogen sulfide and so¬ 
dium thiosulfate are said to cause a slight increase in activity^®®; generally, 
invertase is stable over a wide range of oxidation-reduction potentials. 

Inactivation by metal salts has been studied extensively.^®^ Silver and 
mercury salts cause reversible inactivation,'®®*'®® the activity being re¬ 
established by dialysis or addition of substances which combine with 
silver or mercury, thus bringing about a spontaneous self-regeneration 
through displacement of the impure enzyme bound to the metal. (This 
phenomenon is similar to the well known Danysc effect.) In the absence of 
impurities this effect can no longer be observed. In the presence of sac¬ 
charose the metal ion apparently does not reach the active group of the 
invertase molecule and is therefore protected to a considerable extent. 
Silver is believed to form the noimal salt, and mercury a complex with the 
basic groups of the enzyme. The effect of nitrous acid was interpreted 
similarly as interaction with the amino group.'®^"”'®® The amino group is 
attacked when not combined and thus protected by carbohydrate, and the 
enzyme-substrate complex cannot be formed. Zinc nitrate'®® and copper 
salts inactivate equally. Fluorides which inhibit fermentation by yeast are 
said net to affect invertase.'®' '®®''®®^ ^^ Iodine inhibits by a different mecha¬ 
nism, but even large quantities will not inactivate more than 50% at room 
temperature. A new fairly stable substance, iodoinvertase, with an activity 
about 60% of the original enzyme, is believed to be formed, presumably by 
iodination of tyrosine and other cyclic compounds. In this connection 
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interest attaches to the recent findings'®* that active tyrosinase (probably 
by oxidation of essential tyrosyl groups) inactivates invertase by 10-43%. 

6. Organic Inhibitors 

а. Aliphatic 

Among organic inhibitors acetone, glycerol, and alcohol are of particular 
importance in view of their preparative application. Acetone yields poison¬ 
ous diacetoneamine with the ammonium ions present in the enzyme solu¬ 
tion'®®; glycerol inactivates only in high concentration,'®^ possibly by 
inhibiting the decomposition of the enzyme-substrate complex. In dilute 
solutions glycerol actually acts as a stabilizer.*®"®* Ethanol may completely 
inactivate invertase.******®'-'®®*'®® Since it slows down all forms of sucrose 
hydrolysis'®'' an effect on the substrate for the system must be involved. 
Maximum inactivation takes place at 50%, while absolute ethanol is 
rather inactive. Sucrose protects the enzyme and here pH and temperature 
play a part. No destruction occurs at —20° at a slightly acid pH main¬ 
tained, e.g.y by acetic acid.'*®*'*' At the isoelectric point inactivation is at a 
maximum.'®**'®® Strict observance of temperature and pH is especially 
important for preliminary purification of fructosidase by ethanol precipita¬ 
tion.'" Precipitation at +37° yields an enzyme preparation which has less 
than 1% of the activity of a material prepared at +7°. 

б. Aromatic 

Other organic inhibitors include amines like aniline, o-, m-, and p tolui- 
dine, the three chloro and bromoanilines, aminobenzoic acids, and sulfanilic 
acid,'*^~'®®**®®’*®' which are believed to react with a carbonyl group, 
similarly to phenylhydrazine and aminoguanidine, which equally have an 
inhibiting effect. (Semicarbazide reacts sluggishly; the behavior of hydrox}^- 
amine, hydrogen cyanide, potassium C 3 ^anide, and sodium sulfite'*'"'*®**®' 
also agrees with a carbohydrate character, as postulated for invertase by 
Myrback.'*'"'*®) Decomposition of the substrate—enzj'me complex rather 
than its formation appears to be inhibited by combination of the amine 
mth the complex ^vith an affinity equal to that between amine and enzyme. 
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Thiamine has also been claimed as an inhibitor.*®* Yeast invertase is blocked 
by atropine, cocaine, and pilocarpine.*®**^ Inhibition by adrenaline is pre¬ 
vented by tyrosinase, which oxidizes adrenaline to a quinone derivative.*®*** 

c. Dyes 

Dilute solutions of dyes (Congo red, fuchsin, safranine)*®^-*®* seem to com¬ 
bine loosely with the enzyme, but are displaced on addition of sucrose. The 
damaging action of photodynamic dyes,*®^"**®® reversible inactivation by 
both basic and acid dyes, and also a competition of different sugars with 
dyestuffs for invertase has been reported.*’^ The action of picric acid and 
also aniline is discussed in detail by Bamann and Myrback.'® m-Nitrophenol 
also inhibits.*®® 


d. Sugars 

The most interesting inhibitors are the cleavage products of sucrose 
itself.**®”*** Both a- and /^-fructose, but not a-glucose, inhibit yeast in¬ 
vertase. /3-glucose inhibits fructosidase; a-glucose, but not fructose, fn- 
hibits taka-invertase. Carbohydrates other than those obtained by cleavage 
of sucrose also inhibit, e.g,y a- and j9-galactose, a- and /3-arabinose, a- 
and /3-methyl glucosides,-*^*^*^ and /3-rhamnose.**^"**^ The a-forms are more 
effective than the /3-forms but the differentiation is neither clear cut nor 
regular. The explanation originally advanced—i.c., that inactivation of 
fruetoinvertase by fructose and glucoinvertase by glucose is due to pref¬ 
erential combination of the enzyme with the monosac»eharide rather than 
the original substrate—is undoubtedly an o\'ersimplification. The inhibi¬ 
tions may be competitive inhibitions of affinity or nonspecific (noncompeti¬ 
tive). 

Attempts have been made to gain some insight into the structure of 
invertase from a consideration of the mechanism of inhibition. 
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VI. Configuration 

From investigations of the pfi dependence of activity^^®*^'® it appears 
that invertase is a weak acid, 2 i^' 22 o with a carboxyl and a basic amino 
group. Possibly the latter is inv’^olved in the formation, the former in the 
hydrolysis of the enzyme-substrate complex. Furthermore the presence of 
a carbonyl group has been suspected.’®^"^®® Enzyme poisons react with these 
groupings which may form part of the pheron or agon (see below). Where 
there is no apparent affinity a retardation of the decomposition of the 
enzyme-substrate complex has been postulated.*^^ 

The concept of an agon—the active group of the enzyme—and a pheron 
or carrier, both being integral parts of the system, is related to the theory 
of the protein or polypeptide nature of invertase.^^^ The agon and the 
pheron may combine to form a specific protein, or the agon may merely be 
adsorbed by the pheron. The pheron is a protein or at least a nitrogen- 
containing ampholyte, (carbohydrate character has been ascribed to the 
agon.‘®’~^®® Accompanying substances may be unessential or may be part 
of the system in the form of excess pheron. If the agon can combine to form 
active complexes with various pherons, the differences in the behavior of 
various invertases may lose much of their significance. The same concept 
could also form the Ijasis of an explanation of the existence of different 
invertases. Fructo- and glucoinvertase may contain the same agon but 
different pherons or at least different accompanying substances. There 
would be no reason that l)oth types of invertase should not coexist in the 
same kind of cell. Transitional forms attacking both substrates at an 
atypical pH can likewise be accounted for, since the proteinlike pheron 
can combine with a large variety of substances, while pheronlike compounds 
may act as colloidal stabilizers protecting the enzyme from inactivation. 
Replacement of the typical carrier !>y an atypical one formed the basis 
of the earlier theory of Fodor and Epstein,-- who distinguished a zymo- 
haptic, i.e., functional group, and a carrier and explaimnl the lesser stability 
of highly purified invertase solutions by a decrease in stability caused by 
such replacement, d'he fact that neutral autolysis yielded preparations con¬ 
taining proteins and carbohydrates, while invertase of the same activity 
obtained by weakly acid autolysis at pH o showed negative or indefinite 
protein reactions though positive tests for their degradation products, 
points to the existence of mixed carrier complexes.--® Nelson and SauF^®* 
found that proteins, both natural and denatured, accelerate the activity 
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of purified yeast invertase at pH 3, but accelerate to a lesser extent or not 
at all at its optimum pH 4,5. Herriott**®** had shown that the enzyme, when 
inactivated by acid, may be reactivated on standing at pH 6-7. Wagreich 
et aL^ studied the effect of a number of proteins and amino acids on the 
reactivated invertase and the process of reactivation. Reactivation was 
inhibited by trypsin, pepsin, chymotrypsin and to a lesser degree by some, 
though not all, foreign proteins. The activity of purified reactivated in¬ 
vertase was accelerated like that of native one. Amino acids not containing 
—SH or —S.S— groups had no effect; cysteine accelerated, cystine in¬ 
hibited reactivation. The increase in activity of very pure invertase prep¬ 
arations on addition of native protein may also be due to pheron addition. 
The decrease in solubility in water as inactivation of the enzyme progresses 
may be interpreted as separation of the agon from the carrier, which be¬ 
comes insoluble due to denaturation. Invertase is characterized as a poly- 
saccharide-protcin by Sumner and O’Kanc,^® while Gortner and Dieu®** 
simply assume a microprotein, and Adams and Hudson*^* a carbohydrate- 
protein. It is suggested by Quastel and Yates (206) that invertase acta as 
a zwitterion whose oppositely charged groups are bridged by saccharose, 
the glucose moiety being attached to the anion, the fructose moiety to the 
cation. 


Vn. Specificity 

There is no doubt that two isodynamic invertases exist; both hydrolyze 
sucrose, but /S-A-fructosidase, or yeast invertase, attacks the fructose part, 
while a-n-glucosidoinvertase or taka-invertase attacks the glucose end of the 
molecule. Whereas in sucrose both ends are open to attack, the glucose end 
is blocked by the linkage with galactose in raffinose (fructosylglucosyl- 
galactoside = saccharose-a-galactoside).*”'-“ That is why raffinose resists 
taka-invertose but is hydrolyzed into fructose and melibiose (galactosyl- 
glucose) by yeast invertase. Similarly a-n-glucoinvertase does not attack 
gentianose (sucrose-/3-glucopyranoside), in which the functional glucose is 
linked by a jS-glucosidic bond while melezitose (turanose-a-glucopyrano- 
side) is hydrolyzed by an a-D-glucosidase into glucose and turanose®®® *®® 
but resists the i3-fructosidase of yeast.®®*'®®® The effect of saccharase on the 
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H. Wagreich, L. I. Schwartz, and H. Kamin, J. Gen. Physiol. 26, 207 (1941); 
H. Wagreich, W. Halpert, and A. Hirschman, J. Gen. Physiol. 26, 479 (1943). 

*** E. Gortner and H. Dieu, Ned. Akad. Wetenschapen 60, 325 (1947); Chem. Ab- 
siraefs 42, 939 (1948). 

M. Adams and C. S. Hudson, J. Am. Chem. Soc. 66, 1359 (1943). 

C. Neuberg. Diochem. Z. 8 , 519 (1907). 

C. Neuberg and F. Marx, Biochem. Z. 3, 535 (1907). 

C. S. Hudson, J. Org. Chem. 9, 117: 470 (1944). 

*** H. 8. Isbell, J. Research Natl. Bur. Standards 26, 35 (1941). 

R. Kuhn and G. £. von Grundherr, Ber. 69, 1655 (1926). 

C. 8. Hudson, Advances in Carbohydrate Chem. 2, 2 (1946). 



14 . 1NVEBTA8B 


543 


pentasaccharide verbascose (trigalactosido-glucosido-f ructose) yielding fruc- 
tose**** has been reported. 

This differentiation'of two forms of invertase is due to Kuhn*““*®* but 
has been contested by Weidenhagen,^^-*^® who maintains that the a- 
glucopyranosidase is identical with maltase. His main argument is the 
inverting power of maltase at pH 7 after its purification to a degree which 
leaves it inactive toward sucrose at the optimum pH for ^S-fructoinvertase, 
i.e., pH 4.5. Glucoinvertases are most active^^® at pH 6-8 with the exception 
of that of barley malt, which, like /3-A-fructosidases, is most effective at 
pH 4.5 to 5. Separations of the invertase and maltase from yeast extracts 
by adsorption of the maltase on kaolin^^ or meta-aluminum hydroxide*" 
have been described, but Weidenhagen asserts**^~**® that these methods 
bring about separation of fructosidase and maltase only, not of invertase 
and maltase. Weidenhagen’s view has not been generally accepted, how¬ 
ever. Several authors^* •*"“*^^ have reported experiments which contradict 
his theory, in particular Hofmann," *" who successfully separated the two 
enzymes from Schizosaccharomycea octosporus Bdjerinck and isolated a 
maltase which did not attack sucrose at any pH although it completely 
hydrolyzed maltose. Neutral autolysis leaves invertase in the cell debris. 
Recently Hofmann and Scheck*^** also obtained enzyme preparations 
(autolysis juices and acetone dried powders) from animal organs, such as 
liver, kidneys and spleen; they readily attack maltose, but do not cleave 
saccharose. Enzyme preparations derived from haploid hybrid Saccharo- 
myces strains of genetically defined constitution according to Lindegren, 
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Lindegren, and Hestrin^^- have provided a specific invertase which acts 
on saccharose but not on raffinose or on maltose. Feigenbaum^^®dis¬ 
tinguished maltase and taka-invertasc as two different enzymes by means 
of Na>S 204 which destroys taka-invertase but does not attack the maltase. 
Other workers (Karstrom, Myrback, and Virtanen) who found maltases of 
different origin without effect on saccharose and invertase without effect 
on maltose or a-glucosides are quoted by Hofmann^^^ Maltases from saliva, 
pancreatic extract, or other animal tissues do not split sucrose or raffinose 
at any pH. The digestive tract of Helix pomatia does, however, contain an 
enzyme which hydrolyzes both sucrose and raffinose. Gentianose is split 
into gentiobiose and fructose by the digestive juice of invertebrates.'*^ 

Extension of Weidenhagcn’s concept to tri- and polysaccharides has also 
been disputed. While he maintains that turanose and melezitose are 
hydrolyzed by the same a-glucosidase and raffinose, gentianose, and inulin 
by the same fructosidase, trehalose, an a-gluc(3side, resists the action of 
a-glucosidase and all invertases. (The cleavage of trehaloses is attributed 
to a special enzyme, trehalase.) 

According to Leibowitz and Mechlinski^’^ invertase should act on raffinose 
only after it has been enzymatically split into galactose and sucrose. In the 
case of taka-diastase lack of melibiase is alleged to prevent hydrolysis, 
but Weidenhagen^^^"^^® demonstrated that melibiase-free taka-invertase 
directly attacks raffinose. Kuhn^^^~-^® denies this for the general case in 
which only fructoinvertase is effectiv^e, but occasionally he too observed 
hydrolysis. Since commercial taka-diastase preparations are by no means 
uniform conclusive results can as a rule not be expected unless the material 
is characterized by the investigator. 

In general the question whether hydrolysis of tri- and polysaccharides 
requires special enzymes basically different from invertase has not been 
solved. Quantitative changes might be expected according to whether the 
third component is a sugar, as in raffinose, or an aglucon (c.^., a phosphate 
radical), as in sucrose phosphates, or has a methyl group replacing glucose, as 
in the case of methyl-/3-fructopyranoside. Sucrose phosphate is split by fruc¬ 
toinvertase free of phosphatase, yielding free hexose and phosphorylated hex- 
ose, but hydrolysis by taka-invertase has also been noted.^^ Probably the sub¬ 
strate is not entirely uniform, part of the phosphoric acid being linked to the 
fructose end. (See also Courtois.***) Carefully purified^^^ saccharose monopho¬ 
sphate is hardly attacked by glucoinvertase. Fructose-6-phosphate (Neuberg 
ester) inhibits hydrolysis by yeast invertase like unsubstituted fructose. Fruc- 
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tose-l, 6 -dipho 8 phate (Harden-Young ester) is active, but to a lesser degree, 
whereas the Robison ester (glucose- 6 -phosphate) has no inhibiting effect. 

General differentiation of the two invertases by inhibition is unsatis¬ 
factory, however , 2 ^since glucose, especially jS-glucose, also inhibits 
fructosidase and differences are often only a matter of degree. Inhibition 
by glucose but not by fructose is affected by galactose, probably because 
galactose and glucose have greater affinity for the enzyme than saccharose. 
Both sucrose monophosphate^*^ ^^^-^*®'^^^®^ and sucrose monosulfate^^ ^^^ 
are split by invertase free from phosphatase (resp-sulfatase) and also are 
fermented by yeastSimple fructosides which may be regarded as 
sucrose in which the glucose component is replaced by an aglucon, e.g.^ a 
methyl group, should be split as well, but in the case of the simple a- or 
j3-methyl fructosides the pyranoid structure does not allow attack by inver¬ 
tase. 7 -Methyl fructoside'^®^- 26 Stt jy mixture containing some methyl- 
i 8 -furanoside and is partly split by invertase from yeast and hog liver.^®®- 
The question whether pure methyl fructofuranoside had a27i-274 
figuration was solv'cd by a determination of the action of yeast invertase on 
the two forms prepared by complete dephosphorylation of the 1 , 6 -phos- 
phorylated friictosi(l(*s. The form was hydrolyzed as its diphosphate 
estershowing an absolute ring specificity as well as specificity of 
the enzyme comparabl(‘ to that found for other carbohydrases. Although 
pure ct-methyl fruct()sid(' resists yeast invertase,^’®~‘-"® taka-diastase is said 
to hydrolyze it^^®; however, different preparations behave differently. Since 
a- and /3-methyl fructofuranosides are the simplest substrates for invertase 
they deserve special attention. The analogous )3-benzyl D-fructofuranoside 
is equally cleavable.-^^ 
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The term /9-fc-fructosidase or j8-fructofuranosidase for yeast invertase 
is derived from the specificity of this enzyme for fructose with 0 configura¬ 
tion and the 2,4-oxygen ring. Berner“°* claims that inulinis composed of 
fructofuranose residues. Actually it is not definitely established whether 
one of the two typical invertases is responsible for the hydrolysis of inulin 
and irisin. About this question and the existence of a special inulase see 
Sumner and Somers.**^ Inulin is hydrolyzed about 5000 times more slowly 
and irisin 400,000 times more slowly than sucrose. Pigman*®^ gives the ratio 
of inulase to invertase activity as 1 to 2800-28,300 in yeasts, and 1 to 5 in 
Aspergillus niger. Asparagose and pseudoasparagose, inulinlike polysac¬ 
charides, are hydrolyzed more readily than inulin itself, according to Tan- 
ret.*** The tetrasaccharide stachyose and the trisaccharide gentianose are 
equally subject to fructosidase hydrolysis. For details on the hydrolysis of 
stachyose by different yeasts and its effectiveness compared to that of 
other polysaccharide cleavages the paper of Adams et al?^ should be con¬ 
sulted. Recently glucofructosan from asphodel was reported cleavable.*®* 

Vm. Mechanism of Invertase Action 

According to Kuhn^^^ae there is no reason why the same fructosidase 
should not cleave sucrose and raffinose. The affinity of invertase for the 
substrates will differ, however, and so will the dissociation constants of the 
complexes formed. The saccharase-sucrcse affinity is given as 16 times that 
of the enzyme to raflBinose*“ and pH activity curves below pH 4 differ 
markedly Even in simple glucosides the nature of the noncarbohydrate 
component influences the rate of hydrolysis. The size of the molecule as 
well as steric factors may play a part. The same applies to glucosidases. 
Yeast glucosidasc hydrolyzes maltose about twice as rapidly as sucrose at 
pH 6.9. The a-glucosidase from barley malt acts on melezitose as effectively 
as on saccharose at its optimum pH of 4.5 to 5. Raffinose is but slightly 
hydrolyzed by this enzyme on account of a small iS-/i-fructosidase content. 
The mechanism of melezitose and turanose hydrolysis has not been com¬ 
pletely elucidated yet (see pages 542-544). Glucosidase splits melezitose, a 
turanose a-glucopyranoside, into glucose and turanose.*®**^® "* Yeast in¬ 
vertase does not affect it.”^ Turanose, 3-a-glucopyranosylfructose,”* is 
said to be hydrolyzed by a special enzyme present in bottom yeast.^’ ”® 
Melezitase activity has been reported for preparations from Penicillium 
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glaucum and Aspergillus niger'^^ as well as bottom yeast, but not top yeast. 
Turanose, glucose, and fructose (but not sucrose) have been isolated as 
products of hydrolysis. A second enzyme seems to be responsible for cleav¬ 
age of turanose into glucose and fructose; initial attack may take place at 
the turanose or the sucrose end of the molecule. Bridel and Aagard**^ 
maintain that the glucosyl fructoside bond of melezitose cannot be identical 
with that of sucrose, but Pringsheim,**® supporting Kuhn,**^ points out that 
even when the bond is identical the enzyme substrate affinities may differ; 
also differences in the action of various preparations on sucrose and melezi¬ 
tose under distinct conditions need not be significant. 

It is generally accepted today that only sucrose phosphorylase can 
synthesize sucrose and other disaccharides^®®”^®® and claims to the contrary 
are viewed with some skepticism. Oparin ascribes a synthesizing action to 
invertase absorbed on cells which has allegedly been confirmed*^* and 
studied*^® by several Russian authors recently. Polymerative levan su¬ 
crose,*®®* amylosucrase, and dextran sucrase,*-® although, like invertase 
they set free monosaccharides, are not “sucrases” in the accepted sense 
and cannot be considered here. 

A temporary combination of enzyme and substrate in all enzyme reac¬ 
tions was clearly demonstrated in 1881 by Wurtz.*®® The catalyst 
emerged unchanged while the substrate was hydrolyzed.*®®^®®* The part 
played in the development of this theory by Duclaux, Bodenstein, 
Arrhenius, V. Henri, van Slyke, Cullen, ei aL is described in detail in Oppen- 
heimer’s book.®®® From 1899-1911 these men pointed out that enzyme and 
substrate combine in ratios subject to the law of mass action. In 1913 
Michaelis and Menten*^®* **® postulated that the rate of inversion is a 
measure of the concentration of the labile enzyme-substrate complex. The 
cleavage products of sucrose inhibit the enzyme,*^®""*^* but its action is 
re-established when the retarding agents, first indicated by Tammann®®® in 
1892, are eliminated or their concentration lowered by dilution. 

**• H. Pringsheim, Die Pol 3 r 8 accharide. 3rd ed., Springer, Berlin, 1931, p. 49. 
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and 8. Hcstrin, Nature 149, 527 (1942); 162, 49 (1943); Biochem. J. 37, 450 (1943) ; 39, 
167 (1945). *••£. J.Hehreel a/., Science 93, 237 (1941); J. Bio/. C^em. 163, 221 (1946); 
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IX. Kinetics 

Inversion of sucrose by invertase is a first order reaction for at least two 
thirds of the reaction and the quantity of water present may be considered 
constant. Deviations from the theoretical curve at the beginning (12%) 
and end (after 58-83% hydrolysis according to the substrate concentra¬ 
tion) have been explained®®*^ as a lag period required for adsorption of the 
reagents and inhibition by the products adsorbed on the catalytic surface 
respectively. In unit time a constant amount is, however, hydrolyzed under 
given conditions of enzyme and substrate concentration, temperature, and 
pH. The optimum pH coincides with the isoelectric point or zone since 
Hudson showed as early as 1910 that only the undissociated part of the 
enzyme can effect hydrolysis. Invertase is an amphoteric electrolyte®®® 
with an acid dissociation constant of 2 X 10~^ and a basic dissociation con¬ 
stant of 10“"^*. Degree of purity, state of dispersion, and nature of the inver¬ 
tase preparations do not measurably influence the activity, which is 
therefore equal for solutions or the enzyme in the living cells, for precipi¬ 
tates, and adsorbates. This may be due to the liberation of the adsorbed 
enzyme from the carrier by the substrate, as demonstrated by different 
authors.^®®“^^® ®®*“®^® This eluting effect is distinct from any specific affinity 
of the invertase for saccharose and takes place also with other sugars and 
glucosides. The affinity of the glucose and fructose prcxluced by cleavage 
for the enzyme has no significant influence. The effect of temperature on 
saccharase kinetics has been inve.stigated by Sizer,®*^'®*® who found that 
inversion strictly follows the Arrhenius equation between 0 and 35®. The 
activation energy of yeast invertase is 11,000 cal./mole between 0 and 17®, 
is independent of the method of extraction from the cell, and is identical in 
purified form or in dead or living cells. Above 17° an abrupt decrease to 
83(X) cal./mole was found in the case of intracellular invertase. Although 
the same energy of activation would be expected for invertase of different 
origin, malt invertase .shows a higher value of 13,000 cal ./mole. The 
difference is explained by a possible participation of other enzymes, e.g., 
maltase, in the reaction. Different .substrates, i.c., saccharose and raffinose, 
require the same Changes in enzyme, substrate, or electrolyte con¬ 
centration or in pH between 3.2 and 7.9 have no effect.The heat of 
formation of the enzyme-substrate complex is reported as —2000 cal./mole 
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or 0 cal./mole. A 350% increase in the rate of reaction for a 10° rise in 
temperature'®^ or a temperature coefficient®'® of 1.61 have been reported. 
The optimum substrate concentration for maximum rate of inversion is 
independent of temperature and given as 5%. 

Changes in the rate of hydrolysis with pressure have been less thoroughly 
investigated, although studies of the effect of pressure on acid sucrose 
inversion were initiated by Roentgen as far back as 1892. Deuticke®'^ found 
no effect on purified invertase by 800 atmospheres, and Sander®'® reports 
an increase in the rate of rnutarotation but no change in invertase action 
by pressures up to 1000 lbs. at 20°, pH 4.5. More recently Eyring et a/.®'^ 
reported the interrelation of pressure, temperature, and pH. While at the 
optimum pH for normal pressure only slight rate increases of 5% were 
observed at 476 atmospheres, the same pressure causes 58% increase at 
pH 7.5 and 38% at pH 1.5. At 40° more than 250% increase in the rate of 
hydrolysis was obsc^rved at 680 atmospheres. 

For further details on the many kinetic studies made the reader is 
referred to Weidenhagen®®^-^®® and Nelson and Schubert.^^^ 

A corresponding increase in heat of activation is held responsible by 
Steacy®2“ 25% de(Tease in the rate of hydrolysis in heavy water 

(D 2 O). 

Abnormal forms of invertase following a course of reaction that cannot 
be satisfactorily explained have been discussed by Nelson and co- 
workers.®^'Strangely enough, they are normalized by addition of boiled 
normal invertase solution but not by boiled abnormal enzyme or other 
proteins. Colloidal ferric hydroxide may change a normal into an abnormal 
form. A possible explanation has been sought on the basis of an elimination 
of accompanying protective substances of the pheron.^®' 

X, Activity 

1. DETERMIN.vriON 

Detailed descriptions of the methods of analysis have been given by 
Schneider®^® and in Bamann-Myrback'® (pp. 1726-1730). 

Polarimetric mea.surements have been used most frequently; Hudson®®’®^^ 
as well as Isbell and Pigman®^® emphasize the necessity of adding ammonium 
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hydroxide, sodium carbonate, sodium hydroxide, or mercuric chloride to 
eliminate mutarotation and attain an equilibrium in the samples under 
investigation. A micromethod applicable to monolayers has been worked 
out by Sobotka and Bloch.”® Copper reduction and colorimetric tests have 
also been applied,**^ as well as methods based on changes in refraction*” 
or volume.**^ Although less exact, these procedures have the advantage of 
being more rapid and applicable to turbid liquids. To facilitate manometric 
determinations the use of notatin (glucose oxidase) has recently been 
described.**® A chromatographic brush method may be used to demonstrate 
the presence of invertase.**^ 

For precise polarimetric measurements the ordinary first order equation 
is suitably replaced by the formula developed by Hudson***: 

I/mo*. = DmoxXOAll - 0.005/) 

where Lmax. and Dmax. arc the maximum levo- and dextrorotations observed 
at temperature t. 

For rapid hydrolysis preliminary to analysis of the invert sugar formed 
the simple and reliable method of Sumner and Howell**^ is recommended. 

2. Expression 

Several formulas used to express enzyme activity have been tabulated 
by Pi^an.”*'*** The ‘‘time value” is the time in minutes required to 
invert 4 g. sucrose in 25 ml. solution at 15.5® and pH 4.5 by means of 
0.05 g. of the invertase preparation so that the observed rotation is 0®. The 
reciprocal was defined as the “invertase value” (LV.) by Willstatter and 
Kuhn. One invertase unit in 0.05 g. corresponds to an I.V. of 1. The “in¬ 
verting power” (I.P.) is the ratio of the dry weights of sucrose to invertase 
times the first order constant {K) of the reaction. 

XI. Technical Preparations and Applications 

Uses of the enzyme for preparative and analytical purposes, in brewing, 
malting, and confectionery, and some patents referring to the production 
of stable invertase preparations can only be mentioned here. They have 
been discussed more fully in recent reports.”® **® 
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L Mode of Contact between Enzyme and a-D-Glycoside 

a-D-Glucosidases may be defined as enzymes which cleave the a-gluco- 
sidic linkage in holosides (oligosaccharides) and in heterosides (a>D-glu- 
cosides). Their specificity is directed mainly toward the glucosidic residue 
which is represented by the radical a-n-glucopyranosyl. It is a common 
feature of all a-D-glycosidases (a-n-glucosidases, a-n-galactosidases, a-D- 
mannosidases) that their activity is incompatible with any change in the 
configuration at carbon atoms 1, 2, 3, and 4 of the glycon moiety of their 
respective substrates or with the change from the pyranose to the furanose 
structure. Substitution at carbon atom 5 or 6 of the glycon, however, is 
tolerated by some a-glycosidases. The specificity of the a-glycosidases to¬ 
ward the glycon partner (aglycon) is much less marked. When this partner 
is the residue of a sugar (monose), substitution or other constitutional 
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changes may take place in the aglycon, the only effect being a reduction 
in the rate of the catalyzed reaction. If the substituent is the residue of 
another sugar, a trisaccharide is formed which, as in the case of melezitose, 
may be acted upon by the same a-glucosidase operative toward the nonsub- 
stituted disaccharide sucrose. With some a-glycosidases the tolerance to¬ 
ward the aglycon goes so far as to allow them to hydrolyze not only the 
appropriate disaccharides but also the corresponding alkyl and aryl a-D- 
glycosides (heterosides). 

The initial step of the reaction catalyzed by an a-glycosidase may be 
visualized as chemisorption at the enzyme protein surface of a holoside or 
heteroside with the glycosidic oxygen contacting the attacking group of the 
enzyme and with hydroxyl groups, cts-disposed^ to the glycosidic oxygen, 
in juxtaposition to hydrogen bond-forming groups of the enzyme. Orienta¬ 
tion of the substrate with the mean plane of the pyranose ring of the glycosyl 
residue parallel to the enzyme protein surface and with the glycosidic 
oxygen facing the enzyme will afford closest approximation (about 1 A) of 
the respective groups of enzyme and substrate. By inference from the effect 
on enzyme activity of structural changes in the holosides or heterosides the 
available groups which are essential for binding the sugar to the catalyst 
can be identified in many cases.^ 

It is the close approach of the lower side of the pyranose ring (glycon) 
of the a-glycosides and the respective disaccharides to the active center of 
the enzyme protein which makes the a-n-glycosidases so sensitive to any 
configurational change at carbon atoms 1, 2, 3, and 4 of the glycon moiety 
of their respective substrates; for any change in the configuration of the 
ring carbon atoms wdll either remove from its proper spatial position a 
contacting hydroxyl group or produce a steric hindrance by displacing a 
hydrogen atom with the larger hydroxyl group (c/. Fig. (>). Both operations 
will impede the mutual attraction between enzyme and substrate.^ The 
relationship between the enzyme and the aglycon may vary between a non¬ 
specific contact, effected by dispersive forces, c.f/., thos(^ between yeast 
maltase and the methyl group of methyl a-D-glu(?oside, and a more precise 
orientation, involving hydroxyl groups of the aglycon. 

As may be deduced from the above discussion, a nonreducing disac¬ 
charide like sucrose (a-D-glucopyranosyb/^-D-fructofuranoside), consisting 
of two different hexose residues, can be hydrolyzed by an a-D-glucosidase 
as well as by a /3-D-fructofuranosidase depending on whether the pyranosyl 
or furanosyl residue acts as the ‘‘glycon'* moiety of the substrate, z.e., pro¬ 
vides most of the contacting groups. 

^ Om and irans refer to the mean plane of the glycosylpyranose ring. 

* A. Gottschalk, Advances in Carbohydrate Chem. 5, 49 (1950). 

*• A. Gottschalk, Nature X00,113 (1947). 
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IL Maltases 

1. Historical 

In 1847 Dubrunfaut^ discovered that the interaction between kiln>dried 
malt and starch resulted in the production of a sugar which had a rotatory 
power three times as great as that of dextrose but was less soluble in 
alcohol than the latter. Dubrunfaut termed the sugar glucose de malt.** 
It was not until 1872 that this sugar was reinvestigated by O’Sullivan,^ 
who proved it to be a disaccharide, yielding only dextrose on acid hydroly¬ 
sis; it was then called maltose. Musculus and Gruber® found that potato 
starch when acted upon by diastase (from malt) yielded glucose (3 g. from 
300 g. starch) in addition to dextrin and maltose; a similar result was ob¬ 
tained when starch and glycogen were digested with saliva and pancreas 
extract (dog), respectively.® The enzymatic hydrolysis of maltose into 
glucose was first described by Brown and Heron,^ who used pancreas extract 
and dried, shredded intestinal wall (pig), respectively, as source of enzyme; 
they concluded that the enzyme concerned is different from malt diastase 
as well as from invertase. Quite independently von Mering® observed the 
hydrolytic cleavage of maltose by saliva and by malt diastase after a pro¬ 
longed pericxl of time. The presence in Aspergillus niger of an enzyme con¬ 
verting maltose into glucose was demonstrated by Bourquelot®; the same 
enzyme was found in koji {Aspergillus oryzae) by Kellner et al}^ A first 
attempt to purify the maltose-splitting enzyme by repeated alcohol pre¬ 
cipitation was made by G4duld^*; he found the enzyme in the grains of 
many cereals and called it ‘‘glucase” (c/. also Cuisinier^^), 

Of great importance for the further progress in this special field and for 
developing the concept of enzyme specificity in general was Emil Fischer’s^* 
discovery that an extract from dried brewer’s yeast w’^as active not only 
toward malto.sp but also toward methyl a-D-glucoside; the glucose formed 
was identified by its osazone. Fischer established that this yeast enzyme 
is not identical with yeast invertase and termed it “yeast maltase,’*^® as 

• A. P. Dubrunfaut, Ann. chirn. et pkya. [3] 21, 178 (1847). 

< C. O’Sullivan, J. Chem. Soc. 26, 579 (1872), 

» F. Musculus and D. Gruber, Z. physiol. Chem. 2, 177 (1878-1879). 

• F. Musculus and J. von Mering, Z. physiol. Chem. 2, 403 (1878-1879). 

T H. T. Brown and J. Heron, Ann. 204, 228 (1880). 

• J, von Mering, Z. physiol. Chem. 6 , 185 (1881). 

• E. Bourquelot, Compt. rend. 97, 1322 (1883). 

O. Kellner, Y. Mori, and M. Nagaoka, Z. physiol. Chem. 14, 297 (1890). 

" R. Gdduld, Koch's Jahresberichte Odrungs-Organismen 1891, p. 220, quoted by 
E. Fischer, Bcr. 27, 3479 (1894), 

L. Cuisinier, Chem. Centr. 1886, 614. 

»» E. Fischer. Ber. 27, 2985, 3479 (1894). 

E. Fischer, Ber. 28, 1429 (1895). 
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previously suggested by Bourquelot.'* Evidence for the presence in blood 
serum of glucose (maltose) as distinct from the enzyme transforming starch 
into dextrin and maltose was advanced from H5hmann’s laboratory'**^*; 
again the reaction product was isolated as glucosazone. 

2. Occurrence 

Of the a>D'glycosidases maltose is by far the most important representa¬ 
tive, in accordance with the preponderance of D-glucose over D-galactose 
and D-mannose as components of naturally occurring oligo- and polysac¬ 
charides containing a-glycosidic linkages. Maltase is widely distributed 
throughout the vegetable and animal kingdoms; it usually occurs in asso¬ 
ciation with amylase. The enz3rme has been found in a great number of 
organisms, for example: 

I. Cryptogamia 

(/) Schizomycetes: Escherichia coli*^ Lactobacillus delbrUckUy^^ CorynebaC’ 
ierium diphiheriae, Neisseria meningitidis^ Streptococcus pneumoniae***^ and 
Clostridium acetobutylicumV 

(f) Fungi: Saprolegnia (water molds)**; Mucor spp.**; Saccharomyces** and 
Schizosaccharomyces*^; Aspergillus oryzae** and A. niger**\ Polyporaceae (wood- 
rotting polypores)*^; Lepiota procera and Coprinus radiatus**; and Alternaria 
solani,** 

II. Phanerogamia 

(I) Monocotyledoneae; in germinated seeds of maize (Z«a),** wheat (Tritu 


** £. Bourquelot, Bull. soc. mycologie France 9, 189 (1893). 

*• M. Bial, Arch. ges. Physiol. {Pfingers) 52, 137 (1892). 

** M. Bial, Arch. ges. Physiol. (PfiUgers) 64, 72 (1893). 

>• F. Rohmann, Ber. 27, 3251 (1894). 

C. Hamburger, Arch. ges. Physiol. (PfiUgers) 6D, 543 (1895). 

** H. Karatrdm, Biochem. Z. 231, 399 (1931). 

** £. Hofmann, Biochem. Z. 275, 320 (1935). 

** J. M. Neill and £. L. Gaspari, J. Exptl. Med. 45, 151 (1927). 

** W. L. Fleming ami J. M. Neill, J. Exptl. Med. 45, 169 (1927). 

** J. M. Neill and W. L. Fleming, J. Exptl. Med. 45, 937 (1927). 

** W. L. Fleming and J. M. Neill, J. Exptl. Med. 45, 947 (1927). 

** J. Y. Sugg, W. L. Fleming, and J. M. Neill, J. Exptl. Med. 46, 909 (1927). 

** D. J. D. Hockenhull and D. Herbert, Biochem. J. 39, 102 (1945). 

** R. K. Sakena and S. K. Bose, /. Indian Bolan. Soc. 28, 108 (1944); Chem. Ab^ 
stracts 42, 4206 (1948). 

** 8. Satina and A. F. Blakeslee, Proc. Natl. Acad. Sci. U. S. 14, 229 (1928); Chem. 
Centr.1988,11,455. 

»• P. Lindner, Wochschr. Brau. 17, 713, 762 (1900); Chem. Centr. 1991, I, 56, 404. 
** E. Fischer and P. Lindner, Ber. 23, 934, 3034 (1895). 

** A. Compton, Proc. Roy. Soc. London. B33, 233 (1914). 

** E. Bourquelot, Compi. rend. 116, 823 (1893). 

** S. R. Bose and S. N. Sarkar, Proc. Roy. Soc. London. B123, 193 (1937). 

•• N. N, Iwanoff, E. W. Dodonowa, and W. J. Tsohastuchin, Fermenlforschung 11, 
433 (1930). 

O. von Szelenyi and G. von Beeze, Centr. Bakt. Parasitenk. Abt. II76,121 (192S): 
Chmn. AbstraeU 28,1156 (1929). 

** W. M. Bfyerinok, Contr. Bakt. Parasitenk. 1, 1, 221 (1896); Chem. Centr. 1897, 

1 , 112 . 
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cwm),** rye (5eco?e),** barley (Hordeum),** oat (Avcna),** and in the leaves of 
onion {Allium cepo),** leek {Allium porrum)^*^ and sugar cane {Saccharum) 

{$) Dicotyledonetfe: in germinated seeds of soy bean {Glycine),*^ peas (Pi- 
sum)/* Cucurbitaceae,^^ Strophanthus*^ &nd in the leaves of dock {Rumex obtuse 
/oh‘ii«),** black mustard {Brassica nigra)** potato {Solanum),** Dahlia** beet 
{Beta),** rock rose {Helianihemum),** tobacco {Nicoiiana),** hops {Humulus),** 
and silver birch {Betula alba) ** 

In animals the presence of maltase has been demonstrated mainly in the 
digestive tract (pancreas, intestine) and blood serum. Thus it has been 
found in invertebrates such as molluscs,^® crustaceans,^* and insects (Or- 
thoptera,®* Hymenoptera,®^ Lepidoptera®* ®®) and in vertebrates (Pisces,®^ 
Amphibia,®^ Reptilia,®^ Aves,®^ and Mammalia®^. Whereas in mammals 
maltase is secreted by the Lieberkiihn glands into the intestinal juice, in 
fishes the pancreas, in the absence of Lieberkiihn glands, produces the 
enzyme.®*'®* Blood serum of the pig, dog, ox, sheep, horse, rat, and mouse 
contains maltase, that of the man, monkey, rabbit, guinea pig, cat, chicken, 
and pigeon is devoid of the enzyme.®^ ®* Further, maltase is known to occur 
in extracts from liver (rat, cat, rabbit, pig)®' and skeletal muscle (rabbit)®* 

•• Z. Wierzchowaki, Biochem, Z. 57, 125 (1913). 

*• R. E. Chapman, Biochem. J. 18, 1388 (1924). 

C. E. Hartt, Proc. Hawaiian Sugar Planters* Assoc., Kept. Comm, in Charge 
Expt. Sta. 57, 110 (1937) ; Chem. i46«/rac/« 32, 6690 (1938). 

*^ Y. Jono, Acta Schol. Med, Univ. Imp. Kioto 13, 211 (1931); Chem. Cenir. 1932, 
I, 1103. 

** A. Stoll and J. Renz, Emymologial , 362 (1939); Chem. Abstracts. 34,6298 (1940). 
** A. Astruc and M. Mousseron, Compt. rend. IM, 126 (1927); Chem. Abstracts 21, 
1666 (1927), 

A. J. Daish, Biochem. J. 10, 49 (1916). 

** G. P. Volgunov, A. S. Komel, and I. N. Pushkareva, Biokhimiya 6 , 67 (1941); 
Chem. Abstracts 35, 6061 (1941). 

**Z. Janicki, W. V. Kotasthane, A. Parker, and T. K. Walker, J. Inst. Brewing 
47, 24 (1941). 

A. Sosa, Ann. chim. 14, 5 (1940); Chem. Abstracts 35, 7947 (1941). 

K. Oshima, Bull, Agr. Chem. Soc. Japan. 7,17 (1931); Chem. Cenir. 1932, II, 553. 
** P. KrOger and E. Graetz, Zool. Jahrb. 45, 463 (1928); Chem. Abstracts 24, 3566 
(1930). 

V. Wigglesworth, Biochem. J. 21, 797 (1927). 

•* E. F. Philippa, J. Agr. Research. 35, 3^ (1927); Chem. Centr. 1928, 1, 937. 

•• O. Shinoda, J. Biochem. {Japan) 11, 345 (1930); Chem. Abstracts 24, 3566 (1930). 
*• F. H. Babers and P. A. Woke, J. Agr. Research. 54, 547 (1937); Chem. Abstracts 
31,5882(1937). 

E. Fischer and W. Niebel, Sitzber. kgl. preuss. Akad. Wiss. 1896, p. 73; Chem. 
Centr. 1896, I, 499. 

®® H. J. Vonk, Jr., Z. vergleich. Physiol. 5, 445 (1927); Biol. Abstracts AIII, 3, 
12355 (1929). 

•« H. J. Vonk, Jr., Arch, nkerland. physiol. 12, 289 (1927); Physiol. Abstracts 13, 
237 (1928-1929). 

A. Compton, Biochem. J. 15, 681 (1921). 

•• T. Kokuryo, Japan. J, Med. Sci. II. Biochem. 8,115 (1933); Chem. Abstracts 28, 
1063 (1934). 

•• R. H. Bamea and E. M. Mackay, Aw. J. Physiol. 114, 534 (1936). 

•• N. E. Goldsworthy, J. L. Still, and J. A. Diimareaq, J. Path. Bact. 48, 253 (1938). 
®' O, E, Olook, Biochem. J. 30, 2313 (1936). 

•• A. N. Petrova, Biokhimiya 12, 209 (1947). 
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as well as in kidney (pig)." A careful study of the maltase of leucocytes was 
made by Willstatter and Rohdewald.^ 

In view of the wide distribution of maltase in plants and animals it is 
of interest that lactose yeasts, Saccharomyces marxianus, exiguxiSf ludwtgii 
and aS. apiculatus Reess are free from maltase.®® ®^ 

3. Specificity 

The biological substrate for the enzyme maltase is maltose, 4-a-D-gluco- 
pyranosyl-D-glucose (Fig. 1), an end product of amylase action on amylose, 
amylopectin, and glycogen. Besides maltose a number of maltose derivatives 
and some alkyl and aryl a-D-glucopyranosides are acted upon by the 
enzyme. The common feature of all these compounds is a nonsubstituted 
a-D-glucopyranosyl residue. Yeast maltase hydrolyzes the a-glucosidic link¬ 
age in the substances recorded in Table I. 



Fjo. 1. Maltose (4-af-D-glucopyrano8yl-D-gluco8e) 


However, methyl a-D-isorhamnoside®^ (Fig. 2), methyl a-D-glucoside 
6 -methyl ether®^ (Fig. 2), methyl a-D-glucoside 6-chlorhydrin®^ (Fig. 2) and 
methyl a-gentiobioside®® ®* (Fig. 3), all of which may be regarded as a-D- 
glucosides with a substituted group at carbon atom 6 of the glucon, are 
not substrates for maltase. The same holds for phenyl a-lactoside and 
phenyl a-cellobiosidej® i.c., phenyl a-glucosides with a glycosidic residue 
attached to carbon atom 4. Inversion of the configuration at carbon atom 4 
in methyl a-glucoside, thus changing the glucoside into the corresponding 
a-galactoside (Fig. 4), renders maltase inoperative.^® Methyl a-D-2-desoxy- 
glucoside (Fig. 5) is not acted upon by the enzyme 

E. Laborde, I. H. Fiszerman, and D. Fiszerman-Garber, BulL set. pharmacoL 
40, 65 (1933); CAem. Abstracla 27, 3490 (1933). 

R. Willstatter, and M. Rohdewald, Z, physiol. Chern. 209, 33 (1932). 

“ H. von Euler and K. Josephson, Z. physiol. Chem. 120, 42 (1922). 

•• A. Gottschalk, Z. physioL Chem. 162, 132 (1926). 

B. Helferich, W. Klein, and W. Schaefer, Ber. 69, 79 (1926). 

•• B. Helferich and J. Becker, Ann, 440, 1 (1924). 

•• B. Helferich and J. Becker, Ann. 447, 19 (1926). 

S. R. Petersen, Ber. Verhandl, sdchs. Akad. Wiss. Leipzig Math, phys, KUusg 
86, 154 (1933); C;iem. Centr. 1934, 1,1825. 

” M. Bergmann, H. Schotte, and W. Lechinsky, Ber. 66, 158 (1922). 



TABLE I 


Substrate Range of Yeast Maltase 



E. Fischer and E. F'. Armstrong, Her. 34* 2885 (1901). 

” E. Fischer and E. F. Armstrong, Her. 36, 3141 (1902). 

C. Neuberg and S. Saneyoshi, Biochem. Z. 36, 44 (1911). 

71 Neuberg and E. Hofmann, Biochem. Z. 252* 434 (1932). 

557 



556 


ALFRED QOTTSCHALK 


as well as in kidney (pig).** A careful study of the maltase of leucocytes was 
made by Willstatter and Rohdewald.®^ 

In view of the wide distribution of maltase in plants and animals it is 
of interest that lactose yeasts, Saccharomyces marxianuSy exiguus, Ivdwigii 
and S, apiculatus Reess are free from maltase.** ®' **'*® 

3. Specificity 

The biological substrate for the enzyme maltase is maltose, 4-a-D-gluco- 
pyranosyl-D-glucose (Fig. 1), an end product of amylase action on amylose, 
amylopectin, and glycogen. Besides maltose a number of maltose derivatives 
and some alkyl and aryl a-D-glueopyranosides are acted upon by the 
enzyme. The common feature of all these compounds is a nonsubstituted 
a-D-glucopyranosyl residue. Yeast maltase hydrolyzes the a-glucosidic link¬ 
age in the substances recorded in Table I. 



Fjg. 1. Maltose (4-a-D-glucopyrano8yl-D-gluco8e) 


However, methyl a-D-isorhamnoside*^ (Fig. 2), methyl a-D-glucoside 
6 -methyl ether*^ (Fig. 2), methyl a-D-glucoside 6-chlorhydrin*^ (Fig. 2) and 
methyl a-gentiobioside** *® (Fig, 3), all of which may be regarded as a-D- 
glucosides with a substituted group at carbon atom 6 of the glucon, are 
not substrates for maltase. The same holds for phenyl a-lactoside and 
phenyl a-cellobioside,‘* i.e., phenyl a-glucosides with a glycosidic residue 
attached to carbon atom 4. Inversion of the configuration at carbon atom 4 
in methyl a-glucoside, thus changing the glucoside into the corresponding 
a-galactoside (Fig. 4), renders maltase inoperative.'* Methyl a-D-2-desoxy- 
glucoside (Fig. 5) is not acted upon by the enzyme.^' 

•* E. Laborde, I. H. Fiszermari, and D. Fiszerman-Garber, Bull, aci. pharmacol, 
40, 65 (1933); CAem. Abairacta 27, 3490 (1933). 

^ R. Willstatter, and M. Rohdewald, Z. phyaiol. Chern. 200, 33 (1932). 

H. von Euler and K. Josephson, Z. phyaiol. Cham. 120, 42 (1922). 

** A. Gottschalk, Z. phyaiol, Chem. 152, 132 (1926). 

B. Helferich, W. Klein, and W. Schaefer, Ber. 69, 79 (1926). 

** B. Helferich and J. Becker, Ann. 440, 1 (1924). 

•• B. Helferich and J. Becker, Ann. 447, 19 (1926). 

S. R. Petersen, Ber. Verhandl. a&cha. Akad. Wiaa. Leipzig Math, phya, Klaaaa 
86, 154 (1933); C^em. Centr. 1934, 1,1825. 

M. Bergmann, H. Schotte, and W. Lechinsky, Ber, 66, 158 (1922). 
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” E. Fischer and E. F. Armstrong, Ber, 86, 3141 (1902). 

C. Neuberg and S. Saneyoshi, Biochem. Z, 36, 44 (1911). 
C, Neuberg and E. Hofmann, Biochem. Z. 868, 434 (1932). 
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Substrate 


Aglucon group 


Author 


a-Ketomaltobionic acid 
(a-D-Glucopyranosyl-D- 
fructuronic acid) 


CH,OH 

H /|-°« 
^ H 
OH 


Kitasato^ 



O 

c 

/ \ 

C=»0 OH 


Maltosecarboxylic acid 
(er-D-Glucopyranosyl-D- 
glucoheptonic acid) 




Ureidoxnaltoso 



H 

CH,OH 

I— OH 


^OH 


Pratesi” 


'i 


H 

OH H CHOH 
_ 1/ 


H OH 

CH,OH 


Hofmann™ 



Maltosephosphoric acid 


—CiHioOiOPOaH, 


Ohmiya™ 


Methyl a-D«glucopyrano- 
side 

Ethyl a>D-glucopyrano- 
side 

Propyl a>D-glucopyrano> 
side 

Allyl a>D'glucopyranoside 


—CH, 
-~CH,CHi 
—CH,CH,CH, 
—CH,CH—CH, 


Ethylene glycol mono-a-o- 
glucopyranoside 
Trimethylene glycol>a<D- 
glucoside* 

D'Mannitol mono-a>D-glu- 
coside* 


—CH,CH,OH 
—CH,CH,CH,OH 
—CtHuO* 


Phenyl a-n-glucopyrano- 
side 



> 


Fischer** 

Fischer** 

Bourquelot, H^r- 
issey, Bridel*® 
Bourquelot, H^r- 
issey, Bridel** 
Bourquelot, 
Bridel** 

Vintilescu, Jo- 
nescu, Kisyk** 
Vintilescu, Jo- 
ncscu, Kizyk** 
Fischer, von 
Mechel** 


* As this compound has been synthesized from glucose and the aglucon by yeast 
maltase, its inclusion in this table seems justified. 


™ T. Kitasato, Biochem. Z. 207, 217 (1929). 

” P. Pratesi, Biochem. Z. 2$7, 238 (1933). 

™ E. Hofmann, Biochem. Z. 268, 462 (1932). 

™ S. Ohmiya, J. Biochem. (Japan) 18, 125 (1933); Chem. Ahetracie 27, 6352 (1933). 
** E. Bourquelot, M. Hdrissey, and M. Bridel, J. pharm. chim. (7| 7, 525 (1913). 
•* M. :^urquelot and M. Bridel, J. pharm. chim. [7] 9, 514 (1914). 

** I. Vintilescu, C. N. Jonescu, and A. Kisyk, Bui. 8oc. Chim. Romdnia 17, 131 
(1985); Chem. Aheiraeie. 80,1173 (1936). 

** £. Fischer and L. von Mechel, Ber. 49, 2818 (1916). 
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TABLE I—(Continued) 



Leibowitz”-** has differentiated two types of maltases; one type, desig¬ 
nated as “glucosidomaltase,” is represented by yeast maltase and char¬ 
acterized by a high degree of tolerance toward structural changes in the 


•* B. Helferich, U. Lamport, and O. Sparmberg, Ber. 67, 1808 (1934). 

•* B. Helferich and W. Reischel, Ann. 6S3, 278 (1938). 

•• C. Neuberg, K. P. Jacobsohn, and J. Wagner, Ferment]ortchung 10, 491 (1929). 
J. Leibowiti, Z, physiol. Chem. 149# 184 (1925). 

J. Loibowits and P. Mochlinski, Z, physiol. Chsm. 164# 64 (1926). 
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aglucon part of its substrate; it acts upon alkyl and aryl a-D-glueosides 
and many maltose derivatives. The second type is represented by maltase 
from Aspergilhis oryzae (taka-maltase) and from barley malt; maltase from 
these sources, according to Leibowitz, does not tolerate any structural 
change in the aglucon moiety of maltose and is inoperative toward a-D- 

(6)CH,X 


Fig. 2. Methyl a-D-isorhamnoside (X == H), methyl a-D-glucoside 6-methyl ether 
(X = OCHa), methyl a-D-glucoside G-chlorhydrin (X = Cl). 




Fig. 3. Methyl a-gentiobioside 



Fig. 4 Fig. 5 

Fig. 4. Methyl a-D-galactoside 
Fig. 5. Methyl a-D-2-deaoxygluco8ide 


glucosides (heterosides), indicating that its specificity is directed toward 
the reducing rather than the nonreducing moiety of maltose. A more 
thorough investigation,^^however, has proved that the difference be¬ 
tween yeast maltase and taka-maltase with regard to their respective 
specificities toward the aglucon is very small indeed. Maltase from both 

R. Weidenhagen, Z. physiol. Chem. 216, 255 (1933). 

H. Pringsheim and F. Loew, Z. physiol. Chem. 207, 241 (1932). 

S. Hestrin, Enzymologia 8, 193 (1940). 
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sources acts on maltose derivatives as well as on heterosides (c/. Table II). 
It is evident from T,able III that taka-maltase readily hydrolyzes phenyl 
a-D-glucoside and, though at a much lower rate, methyl a-n-glucoside.** 


TABLE II 

Substrates for Maltabe from Yeast and from Aspergillus Oryzae 


Substrate 


Maltose from 


Brewer’s Aspergillus 
yeast oryzae 


Maltose. -f -f 

Maltosone. -f 4 - 

Maltobionic acid. -f- -f- 

Maltosazone. -4- -f 

Phenyl a-D-glucoside. -f -f 

Methyl a-D-glucoside. -f ± 


TABLE III 

Hydrolysis Rates® of Maltose, Phenyl a-D-GLUcosiDE, and aMethyl 
a-D-GLUCOSlDE BY TaKA-MaLTASE*® 


Per cent hydrolysis 


Time, hr. 

Maltose 

Phenyl 

a-D-glucoside 

Methyl 

a-D-glucoside 

1 

30.7 

_ 

_ 

2 

54.4 

— 

— 

4 

67.0 

8.0 

— 

23 

— 

29.6 

11.2 

28 

92.1 

— 


95 

— 

75.2 

19.2 

196 

— 

97.2 

28.4 


•0.139 M substrate concentration; 0.1 N acetate buffer (pH 4.7); 5 ml. enzyme 
solution (5 mg. dry substance); total volume 25 ml.; temp. 30®. 

Different preparations of taka-maltase seem to vary in their activity to¬ 
ward methyl a-D-glucoside.®^ For barley malt maltase Weidenhagen*® has 
conclusively shown that phenyl a-D-glucoside is a suitable substrate. There¬ 
fore, Leibowitz’ theory of the existence in mold and barley of a ^^gluco- 
maltase” which requires for action the unchanged reducing moiety of 
maltose, the glucosidic residue playing the role of the aglucon, is not borne 

•* K. Myrb&ck, Z. physiol. Chem. 205, 248 (1932). 
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out by the experimental findings. A subclassification of the maltases could 
be justified only if a detailed study of the specificity requirements of a 
large number of maltases from different sources would reveal a few distinct 
types of reaction when tested with numerous maltose derivatives and a-D- 
glucosides (heterosides). The available data do not suggest such a behavior. 
Maltose from brewer’s bottom yeast, for instance, splits maltobionic acid; 
that from top yeast (Presshefe) does not.’^ Three different species of 
Schizosaccharomyces were found to have a maltase acting upon maltose and 
methyl a-D-glucoside.“ Sulfatase bacteria, cultivated on maltose-agar, 
contain a maltase hydrolyzing maltose, and phenyl and methyl a-D-gluco- 
side; when the same organism is grown on a meat extract-peptone medium, 
the bacterial maltase is inactive toward the alkyl glucoside.®^ A preparation 
from Escherichia coli cleaves maltose, but is inert toward heterosides. 
Lactobacillus delbriickii acts on maltose, and phenyl and methyl a-D-gluco- 
side.®^ The maltase of Solarium indicum, a solanaceous fruit, hydrolyzes 
maltose readily, phenyl a-D-glucoside at a minute rate (4% in 74 hours), 
and methyl a-D-glucoside not appreciably.®*^ Animal maltase is inactive 
toward methyl a-D-glycoside*^; its behavior toward phenyl a-D-glucoside 
has not been investigated. It would appear from these examples that the 
degree of maltase specificity toward the aglucon may vary in an unpre¬ 
dictable manner not only from organism to organism, but also in the same 
organism depending on the conditions of growth. Differences in the specific¬ 
ity of this kind, referring to the aglucon only, may be regarded as of sec¬ 
ondary nature and minor importance; they may be due to slight variations 
in the chemical structure of that part of the enzyme protein to which the 
s^lucon is adsorbed. Certainly, yeast maltase and mold maltase are not 
chemically identical, as is evident from their different pH optima and their 
different stabilities toward acid and heat.®‘ It seems advisable, therefore, to 
designate the individual maltases according to their origin, as proposed by 
Fischer.^^ 

We may conclude from this discussion that all maltases, irrespective of 
their source, establish close contact with the glucon moiety of their specific 
substrates. The detrimental effect on maltase activity which is observed 
when the hydroxyl groups at carbon atoms 2 and 6, respectively, of the 
glucon are replaced by hydrogen, taken together with the lack of enzyme 
action on methyl a-D-galactoside, would suggest that besides the glucosidic 
oxygen the hydroxyl groups at carbon atoms 2, 4, and 6 are involved in the 
formation of the enzyme-substrate complex, as depicted in Fig. 6. The 
contact between enzyme protein and aglucon will vary with the chemical 
structure of the latter. 

£. Hofmann, Biochem, Z. 287, 271 (1936). 

E. Hofmann, Biochem. Z. 372, 133 (1934). 

** H. Tauber and I. 8. Kleiner, J. Biol. Chem. 166, 679 (1934). 
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4. Preparation and Purification 

Brewer’s yeast is the richest source of maltase. The progress made by 
Willstatter in the extraction of maltase from fresh yeast lies in the recog¬ 
nition that under the influence of liquefying agents like toluene and chloro¬ 
form, used by Fischer,acid-producing metabolic reactions set in which 
destroy part or all of the maltase released from the cell. Willstatter,** 



Fiq. 6. Initial stage of interaction between a maltose molecule and the active 
center of a maltase molecule. A hydroxyl group of the enzyme protein is making an 
attack on the glucosidic oxygen, whereas three other groups of the enzyme are in the 
process of forming hydrogen bonds with hydroxyl groups of the substrate cts-dis- 
posed to the glucosidic oxygen. 

Sugar molecules are shown as planar projections of three-dimensional objects. 
Though these stcreoformulas represent the spatial arrangement of the addenda rela¬ 
tive to each other only approximately, they depict accurately their position relative 
to the mean plane of the ring carbon atoms. There is free rotation about the C»—Ci 
single bond. 

therefore, quickly liquefied the yeast cells and neutralized the acid formed 
during this process. He found ethyl acetate more efficient and satisfactory 
as liquefying agent than cither toluene or chloroform. The release of maltase 
from fresh yeast is effected in the following manner®^: 

•• R, Willst&tter and W. Steibelt, Z. physioL Chem, 111, 157 (1920). 

R. Willst&tter and E. Bamann, Z. physiol Chem, 161, 242 (1926). 
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The yeast is washed, pressed, and then stirred while ethyl acetate is added (1 ml. 
per 10 g. pressed yeast). 6tirring is continued for the next 10 minutes during which 
liquefaction takes place. The mixture is allowed to stand for about 30 minutes, diluted 
with water, and neutralized with 0.1 N ammonia (litmus paper as indicator). After 
less than 24 hours at room temperature approximately 95% of the yeast maltase is in 
solution. The optimum period of autolysis is controlled by analyzing samples for their 
maltase activity. If autolysis is carried out at 0°, longer periods are required. Satis- 
factory results were also obtained with diammonium phosphate which acts simultane¬ 
ously as liquefying and neutralizing agent (for details see Weidenhagen**). 

The autolyzate thus obtained contains saccharase (/3-fructofuranosidase) 
in addition to maltase. Willstatter and Bamann®*^ have described a method 
for the almost quantitative separation of the two enzymes. They found 
that meta-aluminium hydroxide (AlOOH) readily adsorbs maltase, whereas 
its adsorptive affinity for /3-fructofuranosidase is low. The selective adsorp¬ 
tion of maltase on AlOOH is followed by selective elution. After pre-elution 
of the residual /3-fructofuranosidase with potassium dihydrogen phosphate 
the maltase is eluted with diammonium phosphate. Weidenhagen^®^ recom¬ 
mended freshly prepared aluminium hydroxide B in small amounts as 
adsorbent. 

Barley malt, kiln-dried at low temperature, is another source of maltase. 
The dried malt is digested for several days at with toluene-water, the 
extract concentrated under diminished pressure, and eventually dialyzed 
against water.®® 

Maltase preparations from Aspergillus oryzae may be obtained by dialyz¬ 
ing commercial taka-diastase or an extract from pure cultures of the organ¬ 
ism against water and by concentrating the residue in vocuo.®® In order to 
destroy the saccharase present in such preparations, Feigenbaum'®^ treats 
the residue for 24 hours at room temperature with Na 2 S 204 and then re¬ 
moves the reducing agent by dialysis. 

5. Measurement of Activity 

In order to determine the maltase activity the yeast is treated in a manner similar 
to that described in Section 4: 

One ml. of acetic acid ethyl ester is added to 10 g. of fresh yeast (corresponding to 
about 2.5 g. dried substance) and the mixture stirred for 10-15 minutes until liquefac¬ 
tion is complete. The yeast is then well mixed with 20 ml. water, followed by neutrali¬ 
zation with 0.1 N ammonia. The suspension is allowed to stand for 10 minutes, after 
which neutralization, if necessary, is completed and the total volume made up to 
50ml. with water.*^ Ten ml. of the suspension is pipetted into a glass vessel containing 
2.5 g. maltose hydrate and 0.5 g. of a mixture of primary and secondary phosphate 

®® R. Weidenhagen in Bamann-Myrb&ck, Die Methoden der Fermentforschung. 
Thieme, Leipzig, 1941; Academic Press, New York, 1945, p. 1746. 

** R. WUlst&tter and E. Bamann, Z. physiol. Chem. 161, 273 (1926). 

R. Weidenhagen, Z. Ver. dent. Zucker-Ind. 80, 155 (1930); Chem. Abstracts 80, 
5437 (1931). 

J. Feigenbaum, Science 06, 521 (1942). 
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(in such a proportion as to give a pH of 6.8) and the volume adjusted with water to 
50 ml. A few drops of toluene are added; the temperature is maintained at 30® (stand¬ 
ard conditions'®*). At appropriate intervals samples of 5 ml, are withdrawn and added 
to 10 ml. of 2 iST sodium carbonate solution. In the filtrate the change in optical 
rotation or in reducing power due to the conversion of 1 molecule maltose hydrate 
into 2 molecules n-glucose is determined; from the figures obtained the percentage of 
hydrolysis is calculated. 

^Time value’^ is defined as the time in minutes required for the 
hydrolysis of one-half the maltose present by 1 g. of the material (dry 
weight) containing the enzyme. '‘Maltase value’’ denotes the reciprocal of 
the “time value” multiplied by 1000. “Apparent maltase unit’ is the 
amount of enzyme in 1 g. dried material hydrolyzing half the maltose pres¬ 
ent in 1 minute. 


6. Kinetics 

a. Effect of Enzyme Concentration 

As may be seen from Table IV, at low and medium concentrations of the 
enzyme the hydrolysis rate is proportional to enzyme concentration; at 
higher concentrations the velocity is proportional to the square root of the 
amount of enzyme present. 

b. Effect of Substrate Concentration 

The effect of substrate concentration on the hydrolysis rate of maltose 
at different levels of enzyme concentration has been carefully investigated 
by Jsaiev.^®^ The experiments were arranged in series in such a manner 
that in all assays of one series the concentration of maltose was the only 
variant; the series differed from each other in the concentration of the 
enzyme, which increased regularly. The time curve of the enzymatic hydrol¬ 
ysis of maltose was found to be markedly influenced by the substrate con¬ 
centration, the reaction proceeding relatively more slowly in more concen¬ 
trated solutions of maltose. No simple relationship between rate and 
substrate concentration could be observed; moreover, this relationship was 
varying continually during the reaction. Figs. 7 and 8 illustrate how differ¬ 
ent the course of the reaction is according to the relative amounts of 
enzyme, substrate, and reaction product present.*^Jsaiev deduces from 
the experimental data that maltase combines with both the substrate and 
the reaction product, the active mass of the enzyme thus being progressively 
decreased. That glucose, indeed, strongly inhibits the enzymatic hydrolysis 

'®*R. Weidenhagen, Ergeb. Enzymforsch. 1» 168 (1932). 

V. J. Jsaiev, J. Inst. Brewing 32, 552 (1926). 

R. Willst&tter, T. Oppenheimer, and W. Steibelt, Z. physiol, Chem. 110, 232 
(1920). 

'®» R. Willst&tter, R. Kuhn, and H. Sobotka, Z. physiol, Chem. 184, 224 (1924). 



TABLE IV 

Variation op Htoroltsis Rate with Enztmb CoNCENTBAtioN (at 30 

A 


Percentage of 0.08 M maltose hydrolyzed 
1 ime, _ 


min. 

1 

2 

4 


6 


8 

12 

10 

1.3 

4.0 

5.9 


7.8 


9.0 

10.1 

20 

2.4 

6.1 

9.0 


11.6 


13.3 

14.9 

30 

4.0 

8.0 

11.6 


14.5 


16.7 

18.4 

45 

5.0 

10.5 

14.3 


17.7 


20.2 

21.5 

60 

6.1 

12.1 

16.3 


19.9 


22.8 

25.0 

90 

8.4 

15.3 

19.9 


24.1 


27.0 

29.4 

180 

12.7 

21.0 

27.5 


32.8 


36.7 

40.1 



Evaluation op 

Table A 




Hydroly¬ 



T X E 




T X y/s 

sis, 









El 2 

4 

6 

8 


12 

EiS 

12 

per cent 

10 

84 

02 

96 

96 


120 

33.9 

34.6 

15 

174 

200 

222 

192 


240 

67.9 

69.3 

20 

342 

360 

348 

352 


432 

124.5 

124.7 

25 

— 

584 

582 

600 


720 

212.1 

207.9 

30 

— 

— 

876 

920 


1110 

325.3 

322.5 


B 


Percentage of 0.16 ilf maltose hydrolyzed 


mm. 

E: 1 


2 

4 

6 


8 

12 

10 

1.0 


3.2 

5.1 

5.5 


7.4 

8.0 

20 

2.0 


4.4 

7.5 

9.6 


11.0 

14.1 

30 

2.8 


6.5 

9.4 

11.7 


13.4 

14.9 

45 

4.1 


8.1 

11.5 

14.3 


16.5 

18.2 

60 

5.1 


9.6 

13.2 

16.5 


19.0 

21.3 

00 

5.5 


12.1 

16.5 

20.5 


23.1 

25.5 

180 

10.7 


17.7 

22.4 

27.1 


30.4 

33.4 

Evaluation op Table B 

Hydro- 



T X E 



T X 

Ve 

IvaSa » 









ijrvis, 








' 

per cent 

E: 1 

2 

4 

6 

8 

12 

E:S 

12 

5 

60 

42 

40 

_ 

_ 

_ 

- 


10 

165 

130 

132 

132 

136 

168 

50 

48 

15 

— 

264 

300 

288 

296 

360 

104 

105 

20 

— 

— 

548 

516 

528 

636 

184 

187 

25 

— 

— 

— 

852 

784 

1032 

298 

277 

30 

— 

— 

— 

— 

1400 

1632 

471 

405 


• E is relative concentration of enzyme. T is time necessary to reach a definite 
degree of hydrolysis. 
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of maltose was first observed by Armstrong^®*; D-fructose, too, inhibite 
maltase activity'®***®^, whereas D-galactose is without any effect on this 
reaction.^"® Table V summarizes the evidence. 

TABLE V 


Effect of Glucose, Fructose, and Galactose on the Enzymatic Hydrolysis 

OP Maltose*®* 


Substrate mixture 

Per cent maltose hydrolyzed 

1 hr. 

4.5 hr. 

21 hr. 

5% maltose only 

19.7 

40.2 

62.2 

5% maltose + 6% glucose 

— 

13.9 

32.3 

6% maltose + 7% glucose 

2.4 

8.8 

29.2 

5% maltose -f 8% glucose 

— 

— 

23.3 

5% maltose + 6% fructose 

11.7 

28.6 

52.5 

5% maltose -h 5% galactose 

19.3 

39.7 

63.3 


The inhibitory power of D-fructose on the enzymatic hydrolysis of maltose 
may be explained on the assumption that it is D-fructofuranose which 
competes with the substrate for a position at the receiving area of the 
enz3rme surface. Gottschalk^®* has shown that at 20° a D-fructose solution 
at equilibrium contains about 20% of the ketose in the furanose form. 
From Fig. 9 it is evident that the steric configuration of jS-D-fructofuranose 
is such as to provide hydroxyl groups for contact with the enzyme protein 
in a similar manner to maltose (c/. Fig. 6) and D-glucopyranose. D-galactose, 
on the other hand, does not afford a contacting group at carbon atom 4 
(Fig. 9). 



/}>D>FnictofuranoBe aO)-D-Glucopyrano8e a09)-D-Galactopyranoee 

Fia. 9 

According to Jsaiev^®* the dissociation constant of the maltase-maltose 
compound, determined by the method of Michaelis and Men ten,* ®® varies 
between 0.1349 and 0.1995 depending on the concentration of maltase, 
though it should be independent of the latter and characteristic for the 

E. F. Armstrong, Proc, Roy, 8oc. London, B78, 616 (1004). 

R. O. Herzog, in 0. Gppenheimer, Die Fermente. 4th ed., Thieme, Leipzig, 
1913, p. 987. 

A. Gottschalk, Australian J. Bzptl, Biol, Med, Sei, 21, 139 (1943). 

*** L. Michaelis and M. L. Menten, Biochem, Z, 49, 333 (1913). 
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enzyme. The dissociation constant of the maltase-glucose compound was 
found to be 0.0160 ^to 0.0200 (average 0.0178) for solutions containing 
0.142 M maltose and 0.05 to 0.222 M glucose. This means that the affinity 
of maltase for n-glucose is about ten times greater than its affinity for 
maltose. 

Furthermore, Jsaiev^®* has investigated whether in the case of maltase 
the effect of substrate concentration on the hydrolysis rate can be ade¬ 
quately expressed by the Michaelis-Menten equation, taking into account 
the part played by the reaction product, D-glucopyranose. The equation 
assumes the form: 



where Kg and K^ are the respective dissociation constants of the maltase- 
glucose and maltase-maltose compounds, and where a and a — x are the 
respective maltose concentrations (molar) at time 0 and time i. The values 
for k at time t with increasing substrate concentration and with different 
concentrations of the enzyme are recorded in Table VI. During the first 
half of the hydrolysis and at low concentration of maltase the values for k 
are fairly steady (Table VIA); at higher concentration k rises after a period 
of constancy (Table VIB); with very high enzyme concentration the values 
for k have a marked tendency to fall as the reaction proceeds (Table VIC). 
It would appear from these results that the dissociations of the maltase- 
maltose and maltase-glucose complexes correspond only in a rough approxi¬ 
mation to the dissociation of weak acids. 

Willstatter et determined the dissociation constants of the maltase- 
substrate intermediate compounds using maltose, phenyl a-n-glucoside, and 
methyl a-n-glucoside as substrates. As may be seen from the figures in 
Table VII the affinity of maltase for its substrates decreases in the order 
phenyl a-D-glucoside, methyl a-n-glucoside, maltose; like )3-glucosidase 
(from almonds) maltase has a higher affinity for phenyl than for methyl 
glucoside. The dissociation constant for the same substrate differs from 
yeast to yeast. It is most probably due to this fact that the ratio of the 
“maltase values” methyl a-n-glucoside/maltose, obtained with 0.14 M 
substrate concentration, varies considerably from yeast to yeast; the vari¬ 
ation is somewhat smaller for the ratio phenyl a-n-glucoside/maltose (cf. 
Table VIII). When, however, the substrate concentration is infinite ([<S] = 
00 ), the ratios of the “enzyme values” methyl a-n-glucoside to maltose and 
phenyl a-n-glucoside to maltose, respectively, become fairly constant, i.c., 
independent of the kind of yeast, indicating that the concentration of the 
maltase-substrate intermediate compound is a major factor determining 
the ratio of the hydrolysis rates. 

Summarizing the available evidence it would appear that the Michaelis- 
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Menten equation does not exactly describe the enzymatic hydrolysis of 
maltose. Factors seem to take part in the control of the reaction for which 
provision is not made in the Michaelis-Menten equation. One may con¬ 
sider, as pointed out by Michaelis”®, that the enz3Tne is present in the form 
of multimolecular micelles rather than in a molecular dispersion. Under 

TABLE VI 

Test or the Vauoity or the Michaelis-Menten Equation ro» the Enzymatic 

Htoroltsis or Maltose"** 




Values for k X 10* at maltose concentrations of 







ximC) niin. 






0.025 M 0.05 M 

0.10 M 

0.20 M 

0.40 M 


A. Enzyme concentration 1; Km 

- 0.1513; K, 

- 0.0178 i 


10 

1.68 

1.46 

1.85 

1.94 

1.79 

20 

1.72 

1.80 

1.91 

1.98 

1.97 

30 

2.08 

1.90 

1.98 

2.07 

2.02 

45 

1.82 

1.93 

2.01 

2.35 

2.10 

90 

1.76 

1.94 

2.09 

2.24 

1.92 

180 

1.34 

1.51 

1.75 

1.97 

1.83 


B. Enzyme concentration 8; Km 

« 0.1995; K, 

» 0.01784 


10 

4,21 

4.35 

5.47 

5.37 

5.67 

20 

3.97 

4.11 

5.34 

5.45 

5.41 

30 

4.00 

4.40 

5.05 

5.61 

6.75 

45 

4.19 

4.69 

5.66 

6.39 

7.36 

60 

4.43 

4.91 

6.06 

6.39 

7.84 

00 

4.83 

7.26 

7.13 

8.56 

9.12 

180 

6.69 

8.46 

11.63 

11.58 

14.29 

c. 

Enzyme concentration very high 

; Km - 0.1513 

; K, - 0.01784 

10 

— 

41.1 

42.5 

43.1 

34.3 

20 

— 

32.2 

37.4 

ai.o 

22.2 

30 

— 

27.8 

30.4 

20.8 

19.6 

45 

— 

25.2 

27.4 

27.1 

18.2 

60 

— 

23.8 

25.6 

25.6 

16.7 

90 

— 

23.6 

25.3 

24.8 

13.7 

180 


19.2 

19.9 

18.9 

10.2 


these conditions the fixation of a maltose or glucose molecule to one active 
center of the micelle may influence the fixation of another molecule, whether 
maltose or glucose, to another site of the micelle. In such a system Km does 
not stand for one fundamental dissociation constant but for the average 

L. Michaelis, Advanet$ in Entymol. 9 , 1 (1949). 
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of various dissociation constants under a given set of experimental con¬ 
ditions; the same would hold for Kg (cf. Haldane^“). 

c. Reversion of Maltose Hydrolysis 

The enzymatic hydrolysis of maltose is a reversible reaction. This was 
shown by Hill,^^* to whom goes the credit of having demonstrated for the 
first time an enzymatic synthesis in vitro. In order to reduce the active mass 
of water Hill used concentrated (about 40%) solutions of glucose which he 
submitted to the action of yeast extract. Hill claimed the disaccharide 

TABLE VII 

Dissociation Constants of Maltase-Substrate Compounds'®* 


Maltase extract 


Dissociation constants 


Maltose 


Methyl Phenyl 

a-D>glucosidc a-D-glucoside 


Ldwenbr&u yeast. 0.12 0.075 0.050 

Ho/6rda yeast. 0,145 0.028 0.021 

Copenhagen yeast. 0.30 0.037 — 


TABLE VIII 

Ratio op ‘‘Maltase Values’^ for Equal Concentration of Substrates® and for 
Equal Concentration of Maltase-substratb Intermediate Compounds*'®* 


Methyl ot-glucoside/ Phenyl a-glucoside/ 


Maltase extract 


maltose 


maltose 


Qo.u Qm Qtf.U 


LOwenbfdu yeast . 0.25 0.21 7.0 5.1 

Hofbrdu yeast . 0.31 0.18 10.7 6.1 

Copenhagen yeast. 0,58 0.23 — — 


• Observed. 

* Calculated. 


formed to be maltose. Though Hill’s statement that maltose is formed in 
the above reaction was contested by Emmerling,“* Armstrong,'^* and others, 
it was shown beyond doubt by Pringsheim and Leibowitz^** that puri6ed 
yeast maltase acting at pH 6.4 and 37^ upon a concentrated solution of 
D-glucose for several weeks catalyzes the formation of maltose, which was 

J. B. S. Haldane, Enzymes. TiOngmans, Green and Co., London, 1930, p. 43. 

»• C. Hill, /. CKem. Soc. 78, 634 (1898). 

O. Emmerling, Ber. 84, 600 (1901). 

E. F. Armstrong, Proc. Roy. Soc. London. B76, 592 (1905). 

*** H. Pringsheim and J. Leibowiti, Bst. 67, 1576 (1924). 
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isolated in the crystalline state. HilP^* admitted to his critics, however, that 
maltose is not the only product of reversion under these conditions. Genti- 
obiose, another disaccharide formed by yeast extract in the presence of 
glucose and identified by its octaacetate derivative,*®® owes its synthesis to 
the activity of a j9-glucosidase; with regard to revertose, the third product 
formed by the action of yeast extract on glucose, its structure is as yet 
undecided.*®®**^-^*® 

The reversible reaction: 

CiiHitOii -h HfO ' --- 2 CeHisOe 

maltose glucose 

can be studied also with low concentrations of maltose and glucose, respec¬ 
tively, provided that glycerol is added to the reaction mixture, thus dimin¬ 
ishing the active mass of water. With this arrangement Jsaiev*®® found that 
at equilibrium about 15% maltose is present, the same position being 
reached from both sides. The equilibrium does not v'^ary with enzyme con¬ 
centration or temperature. 

In accord with the hydrolyzing effect of yeast maltase on alkyl a-D-gluco- 
sides the enzyme catalyzes also the synthesis of these heterosides. In a large 
number of fascinating investigations Bourquelot and coworkers have syn¬ 
thesized from oc-D-glucopyranose and various alcohols a series of alkyl 
a-D-glucosides using yeast extract (maltase) as catalyst. Thus methyl,**® 
ethyl,**® propyl,*® and allyl*® a-n-glucosidcs were prepared and isolated as 
crystals. Ethylene glycol** yielded a mono-a-D-glucoside, whereas both 
propylene glycol*** and glycerol*** formed a mixture of two different mono- 
a-D-glucosides, probably due to the substitution in the one case of a primary, 
in the other of a secondary alcohol group. Of the a-D-glucosides with 
polyhydric alcohols as aglucons only ethylene glycol mono-a-D-glucoside 
was obtained in crystalline form by Bourquelot. The enzymatic synthesis 
of these alkyl a-D-glucosides was shown to be a tnie reversible process, the 
same equilibrium being attained from both sides of the reaction. The 
optimal conditions for the enzymatic synthesis of alkyl a-D-glucosides have 
been described in detail.**®•**®* * Recently two more crystalline a-D-gluco¬ 
sides were prepared with yeast maltase (yeast extract) as catalyst; these 
are trimethylene glycol mono-a-D-glucoside and D-mannitol mono-a-D- 
glucoside.** 

»»• C. Hill, J. Chem. 8oc. 83, 678 (1903). 

H. Pringsheim, J. Bondi, and J. Leibowitz, Ber, 69, 1983 (1926). 

A. Georg and A. Pictet, Helv. Chim, Acta 9, 612 (1926). 

H. Berlin, Am. Chem. Soc. 48, 1107 (1926). 

E. Bourquelot, H. H^rissey, and M. Bridel, J. pharm. chim. [7] 7, 146 (1913). 

E. Bourquelot and A. Aubry, J. pharm. chim. [7] 12, 283 (1916). 

»t E. Bourquelot, M. Bridel, and A. Aubry, Compt. rend. 161, 41 (1916). 

»*» M. Bourquelot and A. Aubry, J. pharm. chim. [7112, 15,182 (1915). 

^ A. Aubry, J. pharm chim. [7J 9,19 (1914). 

**** A. Aubry, /. pharm. chim. [7J10, 202 (1914). 
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7. Effect of pH and Temperature 

Aqueous solutions of maltose, prepared from yeast, are rather unstable; 
glycerol has a protective effect.^®* Contact of the enzyme with weak acids 
or alkalis for a longer period of time destroys irreversibly its activity®® 
after a short contact (30-60 minutes) with these agents activity may be 
restored by neutralization.^®® 

The pH optima of the maltoses from different sources are recorded in 
Table IX. The optimum pH for yeast maltose is identical at 25 and 35® 
(Table X). 


TABLE IX 

pH Optima of Maltases from Various Sources 
Source pH Optimum Author 


Escherichia coli 
Lactobacillus delbrucki 
Sulfatase bacteria 
Brewer’s bottom yeast 

ft it a 

it ti it 

Schizosaccharomyces octosporus 
S. pombe 
S, mellacei 

Aspergillus oryzae (taka^diastase) 

A . niger 

Barley malt 

Sorghum vulgare 

Solanum indicum 

Bombyx mori (intestine) 

Intestine (pig) 

Intestinal mucosa (pig) 

Mammary gland (cow) 

Skeletal muscle (rabbit) 

Blood serum (dog, pig) 


7.0 

Karstrbm*® 

6.5 

Hofmann*! 

6.2-6.5 

Hofmann** 

6.1-6.8 

Michaelis, Ilona^** 

6.75-7.25 

Willstatter, Bamann*^ 

6.1-6.7 

Jsaiey!®* 

4.5 

Hofmann*** 

4.5 

Hofmann*** 

4.5 

Hofmann'** 

4.5 

Leibowitz, Mechlinski** 

4.2-4.6 

Hofmann** 

4.5 

Pringsheim, Leibowitz*** 

4.2 

Acharya**^ 

5.5 

Tauber, Kleiner** 

6.8 

Shinoda** 

5.2-7.2 

van Nieuwenhoven et ol.*** 

6.5 

Steensholt, Veibel*** 

6.8-7.0 

Kleiner, Tauber'** 

5.6-6.8 

Petrova** 

6.6 

Kokuryo** 


Maltose is only slightly resistant to heat; the enzyme is destroyed at 
550 131 'pjjg optimum temperature for yeast maltose^®* at pH 6.5 is about 35®; 
the temperature optimum does not vary with the concentration of enz 3 rme 

L. Michaelis and P. Rona, Biochem, Z. 57, 70 (1913). 

‘••E. Hofmann, Biochem, Z. 272, 417 (1934). 

H. Pringsheim and J. Leibowitz, Biochem. Z. 161, 456 (1925). 

C. N. Acharya, Indian J, Agr, Sci, 4,476 (1934); Chem, Abstracts 28,6737 (1934). 
L. M. van Nieuwenhoven, D. P. Noordmans, and H. J. Vonk, Proc. Acad. Sci. 
Amsterdam 46, 302 (1942); Chem. Abstracts 87, 6025 (1943). 

*** O. Steenholt and S. Veibel, Acta Physiol. Scand, 6, 62 (1943); Chgm. Abstracts 
89, 4636 (1946). 

I. S. Kleiner and H. Tauber, J. Biol. Chem. 99, 241 (1932). 

C. J. Lintner and E. Kroeber, Ber, 28, 1050 (1895). 
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or substrate.*" The effect of temperature on the hydrolysis rate of maltose 
by yeast maltase at different pH values is shown in Table X. Calculation 
from the tabulated figures gives a value of 1.3 for the temperature coeffi¬ 
cient (25-35°) of the enzymatic maltose hydrolysis at optimum pH. 

Alcohol destroys yeast maltase*®* ’" nearly completely, acetone reduces 
its activity markedly.*®* Whereas toluene has a damaging effect on yeast 
maltase, sodium fluoride concentrations up to 1 % do not appreciably change 
the rate of the enzymatic cleavage of maltose.*®* 

TABLE X 

Effect of Temperature on Enzymatic Hydrolysis of Maltose at Different 

pH Values*®* 


Percentage of maltose hydrolyzed 


pH 


25® 



35® 


0.5 hr. 

1 hr. 

2 hr. 

0.5 hr. 

1 hr. 

2 hi;. 

6.57 

10.83 

15.97 

22.92 

18.34 

26.67 

37.09 

5.97 

19.86 

28.20 

37.92 

26.11 

35.84 

47.09 

6.47 

21.40 

30.56 

40.14 

27.36 

37.92 

48.90 

6.98 

16.81 

25.14 

35.84 

23.48 

32.78 

45.56 


*^8. The Problem op Maltolysis Without Maltase Action 

In 1895 Fischer** advanced the theory that the alcoholic fermentation of 
maltose by yeast is initiated by the enzymatic hydrolysis of the disaccharide 
to glucose; the basis of this theory was his discovery that an extract from 
dried brewer’s yeast readily splits maltose to glucose. Willstfitter et of.»*■***•**» 
opposed this concept on the strength of the following evidence: 

(1) Autolyzates of brewer’s and distiller’s yeasts, prepared in a similar 
maimer to that described in Section II-5 (0.5-1.0 g. dry weight of yeast 
in 100 ml. of the final buffer solution), exhibited scarcely any maltase activ¬ 
ity when the pH of the final mixture was adjusted to 4.5. The intact cells, 
however, suspended in a buffer solution of pH 4.5, fermented maltose, 
brewer’s yeast at a higher rate than distiller’s yeast. 

{£) With some kinds of distiller’s yeast, even at the optimal pH 6.8 for 
maltase, no appreciable maltose hydrolysis was effected by the autolyzate, 
whereas the intact cells fermented the disaccharide, though at a low rate. 

From these results Willst&tter deduced that yeast cells are able to fer- 

*** A. Compton, Ann. Inat. Paateur SO, 407 (1916). 

iH E. Eltcher, Z. phyaiol. Chem. S6,60 (1808). 

I** R. WillsUitter and W. Steibelt, Z. phyaiol. Chem. U6, 211 (1921). 

I** R. Willsatter and E. Bamann, Z. phyaiol. Chem. IBS, 202 (1026). 
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ment maltose ^'directly,” t.e., without previous hydrolysis by maltase. In a 
recent discussion'*® of the problem three objections against Willstatter^s 
arguments were raised: 

(a) As was shown by Gottschalk,'” the pH of the interior of the yeast cell, 
determined by the glass electrode, is 6.0; the buffer system of the yeast 
cell is so efficient that addition of 5.0 ml. of 0.045 N sulfuric acid to 50 g. 
baker's yeast, liquefied by freezing and thawing, lowered the pH value only 
from 6.0 to 5.6. Therefore, living yeast suspended in a buffer solution of 
pH 4.5 will maintain its physiological pH of 6.0. When, however, autolyzed 
yeast is added to 25-fold volume of buffer (pH 4.5), this buffer will control 
the pH of the resulting suspension. 

(b) In the assay for determining the maltase content of yeast the 
enzymes made soluble during the process of autolysis are diluted by addi 
tion of the buffer more than 30 times compared with their intracellular con¬ 
centration. In such high dilutions enzymes are usually unstable. Willstatter 
et aL have not tested whether under the conditions prevailing in very dilute 
autolyzates the hydrolysis rate of maltose is proportional to the enzyme 
concentration. 

(c) In the autolyzate glucose produced by the action of maltase on 
maltose accumulates and inhibits the hydrolysis rate, whereas in the fermen¬ 
tation of maltose by living yeast the glucose formed is fermented and thus 
withdrawn from the maltase-maltose system. 

Obviously, the conditions under which Willstatter tested for maltose 
fermentation (by living yeast cells) and for maltase activity (in dilute 
autolyzate) were so different that an identical response could not be 
expected. 

More recently Lcibowitz and Hestrin'*® '*® claimed to have obtained 
strong evidence in favor of a ‘"direct" mechanism of maltose fermentation 
by yeast. These authors approached the problem by comparing the fermen¬ 
tation rates of maltose and methyl a-D-glucoside by living yeast under vari¬ 
ous conditions. The fermentation rate of methyl a-D-glucoside was taken 
as a measure of the maltase activity of the living and actually fermenting 
cell on the assumption that methyl a-D-glucoside can be fermented only 
after a preliminary hydrolysis. Leibowitz and Hestrin made the following 
observations: 

(1) The fermentation rates of glucose, maltose, and methyl a-D-gluco¬ 
side, observed with pH as the variant, are recorded in Table XI. 

(2) With brewer’s bottom yeast the ratio of the fermentation rate of 
maltose to that of methyl a-glucoside was found to be 4.2 at 35°, 31 at 

‘®® A. Gottsohalk, Walleralein Labs, Communs. W, 55 (1949). 

A. Gottschalk, Australian J, Exptl, Biol, Med. Sci. 21, 133 (1943). 

J. Leibowitz and S. Hestrin, Emymologia 6, 15 (1939). 

J. Leibowits and S. Hestrin, Biochem, J, 36, 772 (1942). 
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25^ and greater than 144 at 4^ with 10% substrate concentration, whereas 
the ratio of the fermentation rate of maltose to the fermentation rate of 
glucose was unity at all temperatures with the substrate concentrations 
tested (Table XII). 


TABLE XI 

Epfsct of pH on Fsrmsntation Rats of Glucose, Maltose, and Methyl 
a-GLUCOSlDE BY LlVINO YbABT AT 32°*** 


Typo of 

Substrate (6% 

Ml. COj/10 min./g. fresh yeast at pH of 

yeast 

concn.) 

3.0 

4.0 

5.0 

6.0 

6.5 

7.0 

7.6 

Brewer’s 

Maltose 

3.3 

5.6 

6.0 

5.5 

— 

3.3 

— 


Methyl ot-glucoside 

0.1 

0.2 

1.0 

2.1 

— 

2.6 

2.3 

Baker’s 

Maltose 

3.8 

5.9 

6.0 

5.0 

3.2 

0 

— 


Methyl a-gluooside 

0 

0 

0 

0 

0 

0 

0 


D-Glucose 

8.7 

8.7 

8.7 

8.7 

— 

8.7 

-7- 


TABLE XII 

Effect of Tempbbatube and Substrate Concentration on Fermentation Rate 
OF Glucose, Maltose, and Methyl a-GLUcosiDE by Living 
Yeast at pH 


Reciprocal of maximum 


Brewers’ 

bottom 

yeast 

Temp., 

• c . 

Substrate 
concentre- - 
tion,» % 


fermentation rate^ 

Glucose 

Maltose 

Methyl 

a-glucoside 

Sample A 

86 

2.5 

1.2 

1.2 

200 



10.0 

1.2 

1.2 

5 

Sample B 

25 

2.0 

1.3 

1.3 

460 



5.0 

1.3 

1.3 

140 



10.0 

1.3 

1.3 

40 

Sample C 

35 

2 . 5 * 

1.7 

1.6 

6 


4 

2 . 5 * 

22 

20 

>2880 


* Referred to glucose units in the substrate. 

* Expressed as time, in minutes, required for the fermentation of 1 mg. glucose 
in the substrate, determined after the end of the induction period. 

* Concentration of methyl or-glucoside 10%. 

(S) The fermentation rate by living brewer's yeast of methyl a-D-gluco* 
side varied over a much wider range with substrate concentration than that 
of glucose or maltose (Table XII). 

The diffeimitial effect of pH, temperature, and substrate concentration 
on the fermentation rate of maltose and methyl a^glucoside is regarded by 
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Leibowitz and Hestrin as proof for the existence of a direct mechanism of 
maltose fermentation. Additional evidence for this conclusion is seen in the 
fact that the pH-activity curve of maltose fermentation by yeast differs 
markedly from that of cell-free maltase. 

The evidence presented by the authors, however, cannot be regarded as 
conclusive. A coincidence of the pH optima of cell-free maltase and of 
maltose fermentation by intact cells cannot be expected, as pointed out 
above (a). The interpretation by Leibowitz and Hestrin that cell-bound 
maltase is subject to the improbably high temperature coefficient V»/V^ 
>676 is incompatible with the observation that yeast maltase has a rather 
low temperature coefficient—1.90 for temperature interval 10-20®, 1.44 for 
20-30®, and 1.28 for 30-40®.'“ 

Differences in the permeability of the yeast cell membrane for maltose 
and methyl a-glucoside seem to be a more likely factor in determining the 
different fermentation rates by the living cell of the respective substrates 
than differences in the enzyme systems concerned. Leibowitz and Hestrin 
have themselves published data supporting this view. Thus, it was shown 
that living brewer’s yeast at 4® did not ferment methyl a-glucoside at all 
and at 25® fermented this compound (2% concentration) only at a minute 
rate. In contrast to this, cell-free maceration juice prepared from the same 
yeast fermented methyl a-n-glucoside at 4® as well as at 28®, even at 2% 
concentration, at the same rate as maltose. Furthermore, baker’s yeast, 
which failed to ferment maltose at pH 7.0 and methyl a-glucoside at any 
pH, did so after drying. These results strongly suggest that the rates at 
which maltose and methyl a-glucoside penetrate the cell membrane are 
different and that the ratio of these rates varies with the type of yeast. 
Such a concept would account for the differential effect of pH and temper¬ 
ature on the fermentation rate of the two substrates (c/. Orskov,"® Dawson 
and Danielli,'®* and Gottschalk"*). We may conclude, therefore, that there 
is no valid evidence for the theory that the industrial yeasts are able to 
ferment maltose by another mechanism than that initiated by maltase 
action. 


HL Glucosaccharase 

There exist in nature enzymes which hydrolyze sucrose by a mechanism 
different from that of the classical yeast saccharase. Yeast saccharase has 
been shown to be a /3-fructofuranosidase, acting on a number of /J-n-fructo- 
furanosides (holosides and heterosides) and requiring an unsubstituted 
jS-D-fructofurano^'l residue. Since it establishes contact mainly with the 

'** S. L. Orskov, Acta Path. Microbiol. Seand. U, 623 (1946). 

H. Davton and J. F. Danielli, Th« Permeability of Natural Membranes. The 
University Press, Cambridge, 1943. 

A. Oottaohalk, Biochem. J. 41, 276 (1947). 
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unsubstituted fructose moiety of the disaccharide, it is inert toward melezi- 
tose'"*^^* (c/. Table XIII) and has no affinity for a-D-glucopyranose.^** The 
enzyme acts as a fructosaccharase. Kuhn'^^*^^® has described the existence in 
Aspergillus oryzae of a glucosaccharase which combines predominantly with 
the unsubstituted glucose part of sucrose. Glucosaccharase hydrolyzes 

TABLE XIII 


<r-D-Glucopyranosyl /?-*>-! 

\ ___ 


Sucrose 


f rue tof uranoside 

__ / 


Melibiose 


/ 7 

e*a-D-Galactopyranosyl a-o-glucopyranosyl 


i>«- 

I 


fruc tof uranoside 




\/ 

RafHnose 




Turanose 


/ ^ -\ 

S^K-D^Glucopyranosyl /3-D-fructofuranosyl j^a-D-glucopyranoside 




-\< 

Melezitose 


_:_/ 


^'Fructofuranosidase 


Glucosaccharase (identical with maltase?) 


sucrose and melezitose (into glucose and fructose), but is inoperative to* 
ward raffinose. 

There is, however, some doubt whether glucosaccharase is an enzymatic 
entity. Weidenhagen*^® has advanced the attractive theory that all a-D- 

R. Kuhn and C. £. von Grundherr, Ber. 69, 1655 (1926). 

M. Bridel and T. Aagaard, CompL rend, 184, 1667 (1927). 

R. Weidenhagen, Z, Ver, deui, Zucker-Ind, 78, 781 (1928); CKem, Abetraete 88, 
4485 (1929). 

R. Kuhn and H. Manch, Z. physiol, Chem, 168, 1 (1927). 

R. Kuhn, Z. physiol. Chem. 189, 57 (1923). 

R. Kuhn, Natumrissenschaflen 11, 732 (1923). 

R. Weidenhagen, Fermentforschung 11, 155 (1930). 








15. a-D-QLUCOSlDASES 


579 


glucosidic linkages in naturally occurring oligosaccharides (maltose, sucrose, 
turanose, melezitose, and trehalose) and in synthetic a-D-glucosides (hetero¬ 
sides) are split by the same type of enzyme, a-D-glucosidase. The theory is 
based on his observation^*^®that yeast maltase, purified and freed from 
iS-fructofuranosidase as described in Section II-4, readily hydrolyzes malt¬ 
ose, sucrose, and melezitose at pH 6.9; under these conditions sucrose is 
split about twice as fast as maltose and the enzyme’s affinity for sucrose 
is twice that for maltose. At pH 4.7 (optimum pH for fructofuranosidase) 
sucrose is not acted upon by yeast maltase. If the eluate, prepared accord¬ 
ing to Willst&tter (see Sect. II-4), contains, as Weidenhagen assumes, one 
enzyme only, namely, a-glucosidase, this enzyme is endowed with a singular 
versatility as far as its ‘‘unspecificity’^ toward the aglucon group is con¬ 
cerned. It would then be necessary to add sucrose,*^® melezitose,and 
turanose’^^ to the long list of substrates for yeast maltase (c/. Table I). The 
biological distribution of the two enzymes hydrolyzing sucrose by different 
mechanisms seems to favor Weidenhagen’s assumption that glucosaccharase 
is identical with maltase (a-glucosidase). Contrary to Kuhn^s first state¬ 
ment that brewer’s yeast contains only fructosaccharase (fructofuranos¬ 
idase) and Aspergillus oryzae only glucosaccharase, further investigations, 
partly by Kuhn himself, have shown that both organisms contain or can 
contain both types of enzymes.®' 

If yeast maltase splits sucrose at pH 6.9, it cannot be claimed that this 
function is a general feature of plant and animal maltases. Maltase prepa¬ 
rations obtained from Schizosaccharomyces octosporus,^^^ Neisseria menin- 
gitidis^^ and Escherichia are without any effect on sucrose, and 

it is well known that the maltase present in blood serum (horse, ox, 
sheep, rat) and in extracts from gastric mucosa (horse, ox) and mammary 
glands (cow) does not act on sucrose^*'®®. 

Summarizing the available evidence it may be regarded as established 
that the disaccharide sucrose, in the glucosidic linkage of which the reduc¬ 
ing groups of both constituents are involved, can be hydrolyzed by jS-fructo- 
furanosidase and an a-glucosidase. By parallel tests with raffinose and 
melezitose, respectively, it is possible to determine the type of enzyme 
responsible for the cleavage (c/. Table XIII). Whether a-glucosidase is 
identical with maltase (Weidenhagen) or a separate enzyme (glucosac- 

R. Weidenhagen, Naturunssenschaften IS, 654 (1928). 

R. Weidenhagen, Z. Ver, deut, ZuckerJnd. 78, 539 (1928); Chem, Abstracts 28, 
3237 (1929). 

R. Kuhn and H. MUnch, Z, physiol. Chem. 160, 220 (1925). 

R. Weidenhagen, Z. Ver. deut. Zucker-Ind. 78, 406 (1928); Chem. Abstracts 23, 
3237 (1929). 

A. I. Virtanen, Biochem, Z. 236, 490 (1931). 

>•» K. Myrb&ck, Z. physiol. Chem. 198,196 (1931). 

H. Tauber and 1. S. Kleiner, J. Oen. Physiol. 16, 767 (1933). 

M. Hotchkiss, J. BacL 29,391 (1935). 
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charase of Kuhn) wUl be decided by further experimental work. Not until 
Weidenhagen’s a-glucosidase (maltase) preparation is shown by physico¬ 
chemical methods to be homogeneous will the identity of maltase and 
glucosaccharase be regarded as proved; this holds for yeast maltase, mold 
maltase, and the maltase of the intestinal mucosa of the pig. On the other 
hand, the mere fact that maltases from some sources are not operative 
toward sucrose does not disprove the identity of maltase and glucosac¬ 
charase; as pointed out in Section II-3, maltases of different origin may 
vary considerably with regard to the range of their appropriate substrates. 

IV. Trehalase 

1. Historical 

The sugar known as trehalose was discovered, in 1832, by Wiggers^*® in 
Secale camutum (Claviceps purpurea) and called “saccharum spermodiae.” 
Berthelot'*® obtained the same substance from trehala manna (cocoons of 
the parasitic insect Larinus nidificans found on Echinops persicits) 
termed it ‘‘trehalose.” Since then trehalose has been found in a great 
number of firngi where it may play a role similar to that of sucrose in higher 
plants (cf. Iwanoff^*®). An enzyme hydrolyzing trehalose was first observed 
in Aspergillus niger by Bourquelot'^ ” and described as trehalase. Bour- 
quelot, who had previously* found maltase in the same organism, differ¬ 
entiated the two enzymes by their different heat stabilities; whereas 
trehalase was completely destroyed at 63°, maltase was still active at this 
temperature losing its activity between 74 and 75°. This was the first proof 
that trehalase is an enzyme distinct from maltase. 

2. Occurrence 

The occurrence of trehalase in nature is summarized in Table XIV. 

3. Specificity 

Trehalase splits the glucosidic linkage of the nonreducing saccharide 
trehalose, i.c., a-n-glucopyranosyl ot-D-glucopyranoside (Fig. 10). Since 
yeast maltase does not act on trehalose,^*^ there can be no doubt that 
trehalase is an individual enzyme; therefore Weidenhagen’s theory in its 
broadest form (c/. page 578) does not hold. The findings by Helferich^** and 
Baba,^** respectively, that 6-methanesulfonyltrehalose and trehalose mono- 
phosphoric ester, which most likely is a fi-ester, are substrates for trehalase 

H. A. L. Wiggers, Ann. 129 (1832). 

M. Berthelot, Ann. chim. phys, [3] 65. 269 (1869). 

*** N. N. Iwanoff, Biochem. Z. 102. ibb (1926). 

R. Weidenhagen, Z. Vsr. deut. Zueker^nd, 78. 788 (1928); Chsm. Centr, 1929. 
I. 2312. 

B. Helferich and F. von Stryk, Ber. 74. 1794 (1941). 

T. Baba, BioeKem. Z. 272.207 (1934). 
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TABLE XIV 

OocuBBBNca OF Tbbhalasb 
Organism Author 


Plants 


Myxomycetes 

Lyeogala . 

Fungi 

Mticor spp. 

Siiceharamyces . 

Aipergilliu niger . 

Penicillium glaucum .. 

Manilia Candida ... 

Boletus edulisj B, aurantiaeus, B. luteus, B, 
badius; Amanita muscaria, A. rubescens; 
Laetarius turpiSf L. torminosus; Paxillus 
involutus; Russula delica; Cortinarius 

eUUior . 

Volvaria speciosa . 

Phanerogaxnia 
Hordeum sativum 

(green malt). 

Amygdalus communis 

(sweet almond). 


Iwanoff** 

Satina, Blakeslee** 

Fischer,^* Kalanthar,^ Lindner** 
Bourquelot*‘»* 

Bourquelot**'" 

Lindner** 


Bourquelot, H^rissey**-** 
Bourquelot**** 


Fischer** 

Weidenhagen*** 


Animals 


Insects 

Oryllotalpa gryllotalpa . 

Doryphora sp. 

Crustaceans 

Homarus vulgaris (blood serum). 

Fishes 

Perea fiuviatilis (blood serum); Esox lutius 
(blood serum); Cyprinus carpio (blood 
serum). 

Raniceps raninus (blood serum and intestinal 
mucosa); Labrus berggylta (blood serum 
and intestinal mucosa); Pleuronectes pla- 
iessa (intestinal mucosa); Cottus scorpius 

(intestinal mucosa). 

Mammals 

Horse (mucosa of small intestine); ox (mu¬ 
cosa of small intestine). 


Fr^rejacque** 

Fr^rejacque** 

Willst&dt, BorggArd** 


Fischer, Niebel** 


Willst&dt, Borgg&rd** 


Fischer, Niebel»« 


** A. Kalanthar, Z. physiol, Chem, 88 (1898). 

** P. Lindner, Woehschr, Brau. 88, 61 (1911); Chem. Centr. 19U, I, 831. 

** £. Bourquelot and H. H4rissey, Compt. rend. 1S9, 874 (1904). 

** £. Bourquelot and H. H4riasey, Bull, soc, mycologie France 81, 60 (1905). 

** M. Fr4rejaoque, Compt. rend. 818, 88 (1941). 

^ H. Willstaedt and M. Borggird, ArkivKemi Mineral, Goal. 88, No. 3, Bl, (1946). 
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indicate that the enzyme tolerates substitution of one prunaiy alcohol 
group of the substrate. It seems reasonable to assume that the 6-sub- 
stituted glucose residue is the “aglucon” moiety of the substrate. If, how- 
ever, the structure of both glucose residues of the disaccharide is changed, 
as is the case on periodic oxidation of trehalose, the resulting tetra-aldehyde. 

CHgOHCHCHO CHOCHOCHCHO CHOCHCH,OH 

!-O-J L—_o-J 

is not acted upon by trehalase.^^® 

A production of trehalose by yeast juice (prepared by maceration of 
dried brewer’s yeast) fermenting glucose was demonstrated recently*^®*. It 
is as yet unknown whether yeast trehalase takes part in the synthesis of 


(6)CH«OH H OH 



Flo. 10. Trehalose (a-D-glucopyranosyl a-D-glucopyranoside) 

trehalose monophosphoric ester formed in the fermentation of glucose and 
fructose by dried brewer’s bottom yeast. 

4. Preparation 

Trehalose from Aspergillus A pure culture of Aspergillus niger, after it 

has been washed and minced, is added to four times its weight of 95% ethanol. After 
3 hours the ethanol is filtered off and the residue dried in vacuo. The dried product is 
thoroughly mixed with water in order to extract the enzyme; after some time the 
mixture is filtered and the filtrate precipitated with ethanol. The precipitate is 
washed with ethanol and finally dried in vacuo. Optimum pH for the Aspergillus 
trehalase*** is about 4.0. 

Trehalose from Yenst.'"^* To 600 g. pressed baker’s yeast (Presshefe) are added 
300 ml. water and 59 ml. ethyl acetate; the mixture is allowed to stand at room tem¬ 
perature for 5 days and then filtered. 1 g. of trehalose dissolved in 10 ml. of the filtrate 
is hydrolyzed in 47 hours at 20'’ to the extent of 57%. Optimum pH is about 6.4. 

It may be pointed out that besides trehalase both preparations contain other 
enzymes, e.g. maltase. 


5. Measurement op Activity 

The activity of the enzyme is measured by determining in the assay the 
reducing power or the change in optical rotation. 

J. Courtoia and A. Valentino, Bull, soc, chim. biol. 36, 93 (1944). 

Blander and K. Myrbilck, Arch. Biochem. 21, 249 (1949) 

R. Robinson and W. T. J. Morgan, Biochem. J. 22, 1277 (1928). 

P. Harang, J. pharm. chim. (6) 28, 16 (1906). 

K. Myrb&ck and B. Ortenblad, Biochem. Z. 221 ,61 (1937). 
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I. Occurrence 
1. Plants 

The term emulsin was originally used to designate the enzyme which is 
able to split the amygdalin present in bitter almonds into glucose, benzal- 
dehyde, and hydrocyanic acid. It was soon found to be present not only 
in almonds, but in the kernels of other plants belonging to the Rosaceae 
(apricots, cherries, hips, etc.). Later experiments have proved the presence 
of /S^glucosidase in many other higher plants, e.g., different members of 
the Allium genus,^ in sweet cherry, and in the mandarin. In most instances 
the /9-glucosidase is accompanied by a /9-galactosida8e which in special cases 
may be the sole /S-glycosidase present (s.^., soybeans, alfalfa seeds, see 
page 624). Yeast may contain considerable amounts of ^-glucosidaae,* and 
also molds, e. 9 ., Aspergillus oryzae (taka-diastase)* and A. niger^ are able 
to catalyze the hydrolysis of /9-glucosides. In sulfatase bacteria Hofmann* 
was able to show the presence of a /S-glucosidase, but other bacteria exam¬ 
ined did not contain jS-glucosidase even if /S-galactosidase was present. 
No systematic investigation has, however, been carried through. 

2. Animals 

Warm-Blooded Animals. Neuberg and Hofmann* prepared jS-glucosidase- 
active powders from kidney and liver of horse ans cattle. Steensholt and 
Veibel* examined mucosa of the small intestine and the duodenum of pig 
and found a /^-glucosidase present. 

Cold-Blooded Animals. Only the digestive juice of Helix pomatia has, to 
the knowledge of the reviewer, been examined. It contains i^-glucosidase 
and at the same time cellase (cellulase).* The question whether these two 
enzymes are really different or if they are to be considered one enzyme will 
be discussed in Section IV- 2 -&. 

n. Preparation and Purification 
1. Extraction and Precipitation 
a. Almond Emulsin 

As sweet almonds seem to be the best source of /S-glucosidase a descrip* 
tion of the extraction and isolation of dry preparations of /9-glucosidase 
from sweet almonds will be given here.^® 

1 R. E. Chapman, Biochem. J. 18,1388 (1924). 

* C. Neuberg and £. Hofmann, Biochem. Z. 966, 450 (1932). 

* J. Hatano, Biochem. Z. 161, 501 (1924). 

^ £. Hofmann, Biochem. Z. 276, 320 (1934-1935). 

* £. Hofmann, Biochem. Z. 272,133 (1934). 

* C. Neuberg and E. Hofmann, Biochem. Z. 281,431 (1935). cf. ref.^' 

R. Willetfttter and E. Waldschmidt-Leits, Z. phyeiol. Chem. 126,132 (1928). 

* G. Steeneholt and 8. Veibel, Acta phyeiol. Scand. 6,62 (1943). 

* P. Karrer, KolUnd-Z. 62, 304 (1980). 

B. Helferioh, 8. Winkler, R. Oooti, O. Peters, and E. QUnther, Z. physiol. Chem. 
208 , 91 (1932). 
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One kg. finely powdered preu oake of eweet almonds is dispersed in a solution of SO 
g. sine sulfate (commercial hydrate, 7 HjO) in 4.61. water and left standing at 0° for 
4^6 houVs. The cold solution is then filtered through a cloth and well pressed on the 
filter. To the filtrate is added cautiously a solution of 1.4 g. tannin in 500 ml. water. A 
precipitate consisting mostly of impurities is removed by centrifugation and dis¬ 
carded. The bulk of the enzyme is then precipitated by slowly adding a solution of 
16 g. tannin in 500 ml. water. The precipitate is isolated by centrifugation, freed from 
tannin by repeatedly dispersing it in acetone in the beakers, centrifuging it, and 
finally drying it in a desiccator over sulfuric acid. The crude enzyme Rohfermenl of 
Helferich, obtained in this way, has an activity of 1.26, expressed as P-glucosidase 
value (see Sect. III-2). 

Other methods of isolation of raw preparations are indicated by Rabat6“ 
and by Helferich and Bredereck.** /S-Glucosidase is isolated in a similar 
manner from other higher plants. 


b. Yeast Emtilsin 


Yeast is plasmolyzed by addition of ethyl acetate. Neuberg and Hofmann* indicate 
that different strains of yeast are plasmolyzed with varying ease. Usually the addition 
of 10% by weight of ethyl acetate is sufficient to break the cell walls completely in 5 
minutes. The dark colored liquid is then diluted with 4 volumes of water, 1% toluene 
is added, and the solution is kept in the icebox for 2 days. After centrifugation the 
clear solution may be used for experimenU or the enzyme may be isolated as dry prep¬ 
are tion‘* by adding the solution to 25 volumes of an ethanol-diethyl ether mixture 
(4:1). In 3-5 minutes the enzyme is precipitated, isolated by decantation, centrifup- 
tion or filtration, repeatedly washed with ethanol and diethyl ether, and finally dried 
in a Ucuum desiccator. Five g. air-dried yeast give some 0.4 g. enzyme powder, slowly 
but completely soluble in water. 


c. p-Glucosidase of Animal Origin 

fl-Glucosidase of animal origin is prepared* by mincing the glands shortly after the 
animal has been killed (1-2 hours), mixing the paste with the equal weight of water, 
adding 1% toluene, and keeping the mixture in closed bottles for 2 days at 37 . The 
enzyme is liberated by the autolysis of the cells. The autolyzed liquid is centrifuged 
and may be used directly as enzyme solution or may be transformed into a dry prep¬ 
aration by adding 1 volume of the solution to 4 volumes of an ethanol-ether mix¬ 
ture (4-1) The precipitate is isolated by suction, washed repeatedly with theethanol- 
ether mixture, and finally with ether, and dried in a vacuum desiccator over calcium 
chloride, phosphorus pentoxide, and paraffin. , . 

A more direct method for producing dry preparaUons of different enzymes is in- 
dicated bv WillstHtter and Waldschmidt-Leitz.* The minced organs are freed from 
water by slowly mixing them with 10 volumes of acetone. The precipitate is trwted 
once more with 10 volumes of acetone, then with 10 volumes of an ether ethanol 
mixture (11) and finally two times with 10 volumes of ether. The material is then 
Placed on filter paper in a thin layer and air-dried. It still conUiM some coarse rem- 
Sante of cell membranes which are done sway with by milling the powder in 

an efficient mill and siev ing through a fine-mesh sieve. _ 

11 t p.| Kf g Pa m.nn .Myrblick. Die Methoden der Fermentforschung. Thieme. 

toil A.eAdAnuc Press, Now York, 1945, p. 1819. 

«?B nSerieh wd H. Bmdereck, Z. physiol. Chem. 1». 273 (1930). 

«• S; SSKn, Biochem. Z. 256 . 462 (1932). 
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From the mucosa of intestines Steensholt and Veibel* prepared enr^yme solutions 
by scraping off the mucosa, mixing it with sea sand, and carefully grinding it in a mor* 
tar. The mixture was then extracted with water (some 50 ml per g. mucosa) for several 
hours and centrifuged. The clear solution was used directly as enzyme solution. Glyc¬ 
erol, which for other enzymes may be more efficient than water as solvent, proved to 
be unsuitable for the extraction of /9-glucosidase. 

2. Purification 

a. Precipitation Methods 

The above-mentioned preparation of crude enzyme includes a purifica¬ 
tion of the enzyme by precipitating it with tannin and removing the tannin 
by washing with acetone. A further purification may be obtained by pre¬ 
cipitating the enzyme with silver acetate, followed by a rapid treatment of 
the precipitate with hydrogen sulfide in order to avoid the destruction of 
the enzyme by the silver ions.*^ 

Two g. crude enzyme are dissolved in 200 ml. water and the solution cooled 
in ice water. An addition of 8.0 ml. 0.02iV silver acetate immediately followed by the 
dropwise addition of 16.5 ml. O.OIAT sodium hydroxide produces a precipitate prac¬ 
tically free of S-glucosidase. It is removed by centrifugation and discarded. Without 
raising the temperature 14 ml. 0.02iV silver aceUte and then 27.5 ml. O.OIAT sodium 
hydroxide are added. The precipitate is rapidly isolated by centrifugation, washed 
twice with ice-cold water without stirring and dissolved in about 50 ml. ice-cold 
1/800 N ammonia, which is added in portions of about 2 ml. with efficient stirring. If 
some of the precipitate remains undissolved after 2-3 minutes it is removed by cen¬ 
trifugation. The somewhat turbid ice-cold liquid is precipitated by dropwise addition 
of 3.3 ml. 0.2Ar silver acetate. The precipitate contains the bulk of the enzyme and is 
isolated by centrifugation. The supernatant liquid is removed by decantation; the 
precipitate is suspended in 30 ml. ice-cold water and hydrogen sulfide is introduced, 
just sufficient to cause a smell of hydrogen sulfide. The silver sulfide is removed by 
centrifugation and the enzyme is precipitated with acetone and diethyl ether. The 
yield is 60-80 mg. ^-glucosidase with a /3-glucosidase value of 10-12, t.c., 40-50% of the 
enz 3 ane content of the crude enzyme (Rohferment)^ but only if the temperature is kept 
low and all operations are carried through rapidly. 

b. Adsorption Methods 

Willst&tter and Csanyi‘‘ and Josephson,**-^ have shown that purification 
of ^-glucosidase solutions may be obtained by adsorption of the enzyme 
on aluminium hydroxide or on kaolin. Kritschewskaja** obtained no sepa¬ 
ration of jS-glucosidase, saccharase, maltase, and lactase by adsorption on 
alumina Oy*® and elution with phosphates, ammonia, or sodium carbonate. 

B. Helferich and S. Winkler, Z. physiol Chem, 809,260 (1932). 

R. WilUtatter and W. Csdnyi, Z. physiol Chem. 117,172 (1921). 

K. Josephson, Z. physiol Chem. 147, 1 (1926). 

K. Josephson, Ber. 68,2726 (1925). 

K. Josephson, Ber. 09, 821 (1926). 

£. 1. Kritschewskaja, Biochem. Z. 878, 348 (1934). 

R. WillsUtter, H. Kraut, and O. Erbaeher, Ber. 08.2448 (1926). 
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By elution with dilute solutions of different glycosides it was possible, 
however, to obtain a specific elution. i3-Glucosidase may thus be eluted 
with a 1% amygdalin solution. 

Helferich and Pigman^^ use Carboraffin C (Leunawerke) in order to get 
rid of some impurities by adsorption, after which they adsorb the i3-glu- 
cosidase on silica gel, followed by an elution with ammonia. 60% of the 
i3-glucosidase is recovered, the /3-glucosidase value rising from 6.6 to 12 
(c/. Helferich^^®). The most specific separation is, however, obtained by 
chromatography on bauxite or alumina.““*^ From the glycosidases present 
in almond emulsin, /3-glucosidase is first adsorbed, whereas a-galactosidase 
and chitinase pass through the column. Using two columns of bauxite 
Zechmeister et succeeded in obtaining from the first column an ad¬ 

sorbate yielding by elution 78% of the ^-glucosidase content of the original 
prepariition, but only 20% a-galactosidase and no chitinase. From the 
second column was recovered by elution 78% of the a-galactosidase and 
in the filtrate was found 80% of the chitinase with no /S-glucosidase and 
only 2.5% a-galactosidase. 


c. Dialysis 

An early report by Ohta-* claims that protein-free solutions of /S-glucosidase may 
be obtained by digestion of crude solutions of /S-glucosidase with pancreatin and 
dialysis of the digested solution for 5-ld days. The inner solution is then protein-free 
but still contains the /S-glucosidase. These results have never been confirmed. 
Tauber,*® on the contrary, indicates that pancreatin and other proteases (pepsin, 
trypsin) are without effect on /^-glucosidasc. In repeating Ohta’s experiment he ob¬ 
tained after dialysis a solution which gave no color reaction for proteins, but w'hen the 
solution was concentrated in vaccum the protein reactions reappeared. Tauber is, 
therefore, of the opinion that the negative protein reaction of Ohta is due only to the 
great dilution arrived at during the dialysis. That dialysis is no efficient method oi 
purification is proved by Edman and Jorpes,*^ who after a very efficient dialysis ob¬ 
tained preparations with no greater activity than ordinarily obtained. In the opinion 
of the reviewer it seems obvious that /S-glucosidase, being as other enzymes of pro¬ 
tein nature, cannot be efficiently separated and purified by dialysis, as the main prob¬ 
lem is not to get rid of dialyzable impurities but to separate proteins with /3-glucosi- 
dase properties from those without these properties. 

(i. Caiaphoresis {Electrophoresis) 

Edman and Jorpes*^ experimented to find out whether a purification 
could be arrived at by cataphoresis, but the result was not encouraging. 

B. Helferich and W. W. Pigman, Z. physiol Chem, 269.263 (1939). 

B. Helferich, Ergeb, Emymforsch, 9,70 (1943). 

•* L. Zechmeister, G. T6th and M. Balint, Emymologia 6,302 (1938-1939). 

*• L. Zechmeister and G. T6th, Emymologia 7, 165 (1939). 

•® L. Zechmeister, G. T6th and P. Fttrth, Emymologia 9, 155 (1940-1941). 

« K. Ohta, Biochem. Z. 68. 329 (1914). 

*• H. Tauber, Biol Chtm. 99, 257 (1932). 

” P. Edman and E. Jorpes, Acta physiol. Scand. 8.41 (1941). 
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They determined the isoelectric point to be at pH 5.7 to 5.8 and examined 
the result of cataphoresis at pH 3.78 and pH 8.72. In both instances the 
jS-glucosidase properties followed the protein and no purification was 
obtained. Further investigations of the effect of electrophoresis should, 
however, be of value, as not all the possibilities of this efficient method of 
separation of (even related) proteins are exhausted by the experiments 
mentioned. 


3. Chemical Nature 

The protein nature of /3-glucosidase is, as mentioned above, not seriously 
questioned. The general conception of an enzyme as composed of an col¬ 
loidal carrier and a prosthetic group as the seat of the specific properties 
of the enzyme is by some authors considered valid also for the glycosidases. 

Kostytschew** raised some doubt as to the individuality of the different glycosi¬ 
dases and considered them mixtures of substances with special physical and colloid- 
chemical behavior. An enzyme is, according to him, rather a condition than an in¬ 
dividual. Neuberg** opposed this assumption vigorously. The view of Willst&tter and 
Rohdewald** may be considered as a reconciliation of the two different interpreta¬ 
tions. The enzyme, the symplex, is composed of a carrier and a prosthetic group, but 
one prosthetic group may be able to combine with different carriers, thus acquiring 
somewhat different specificity. Besides, accompanying substances may be able to in¬ 
fluence the colloidal carrier, thus producing differences in the specificity of the 
symplex. Examples of this kind are known, among the oxidation enzymes, but 
until now no definite proof of the presumed dissociability of /9-gluco8idases into carrier 
and prosthetic group has been reported. Helferich, Hiltmann, and Pigman** have 
tried to obtain a dissociation by dialysis of ^-glucosidase solutions at different pH 
values from 2.75 to 10.35. In the region pH 3.6 to 8.25 the activity remained constant 
during 4 days of dialysis; beyond these limits the activity was diminished, but that 
this was not due to a dissociation was proved by the fact that neither the addition 
of the outer solution nor the addition of boiled enzyme solution was able to restore 
the activity of the enzyme. 

In direct opposition to this result Malaguzzi-Valeri** claims to obtain a far-reach¬ 
ing separation of /l-glucosidase into apoenzyme and coenzyme by dialysis for 24 hours 
at pH 6.1. The dissociation of the enzyme is reversible, since the /J-glucosidase activity 
is restored by mixing the inner and the outer solution after dialysis. The nature of the 
coenzyme, the prosthetic group, has not been elucidated by the Italian author, he 
notes, however, that it is neither an amino acid nor a polypeptide and that it does not 
contain sulfhydryl, sulfide, or amino groups, The combination of apoenzyme and co¬ 
enzyme is saltlike. As ampho ion or as cation the holoenzyme dissociates spontane¬ 
ously into apoenzyme and coenzyme; as anion it is stable. To the knowledge of the 
reviewer, no confirmation of these very astonishing results has been reported and they 


** 8. Kostytschew, Z. phynoL Chem. 164, 263 (1926). 

** C. Neuberg, Z. phynoL Chem. 167, 299 (1926). 

M R. TTillsUitter and M. Rohdewald, Z. phyeiol. Chem. 829,241 (1984). 

** B. Helferich, H. Hiltmann and W. W. Bgman, Z. phyeiol. Chim. IM, 160 (1989). 
Malaguzsi-Valeri, Arch. eei. biol. Italy 26, 261 U989); quoted from Chm. 
umlraM. 19401« 878; Chem. Abeiraete 84,122 (1940). 
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are to be regarded with scepticism, being in opposition to all previously obtained ex¬ 
perience with regard to the behavior of i9-glucosidase. 

All /^-glucosidase preparations so far examined contain carbohydrate. 
Helferich and Pigman*^**^ have examined the effect of purification of 
/J-glucosidase upon its content of carbohydrate and have found that even 
the most active preparations OS-glucosidase values 14-16) contain 3-4% 
carbohydrate but that there is no direct correlation between the activity 
and the carbohydrate content. The carbohydrate is very firmly bound to 
the protein. Inactivation of the enzyme by treatment with ozone, ultra¬ 
violet radiation, or heat does not make the carbohydrate dialyzable. Hel¬ 
ferich, Richter, and Grimier” found that the carbohydrate is a mixture of 
mannose and arabinose or possibly of glucose, mannose, and arabinose. 
They suggested that the role of the carbohydrate groups in the enzyme 
molecule is to function as the prosthetic group, or holding group, respon¬ 
sible for the adsorption of the glucoside molecule to the enzyme, but their 
suggestion is so far not supported by direct experimental evidence. 

The inhibition of the /S-glucosidase by carbonyl group reagents may be 
due to an inactivation of the prosthetic carbohydrate group but this is by 
no means the only possible explanation. The undialyzability of the carbo¬ 
hydrate seems to indicate that it is part of the structure of the protein. 
According to this the active area responsible for the aflSnity of the sugar 
part of a glycoside to i3-glucosidase”would consist of a carbohydrate 
molecule, which according to Helferich and associates” may be either a 
hexose or a pentose molecule, since not only jS-glucosides but also /9-xylo- 
sides and a-arabinosides are hydrolyzed by /S-glucosidase. A further dis¬ 
cussion of these consequences of the assumption of carbohydrates as an 
integral part of the enzyme molecule will be given later (Sect. IV). 

The theory of a carbohydrate molecule as a prosthetic group has been supported 
by Lettr^ ,■••••* who compares the formation of an ensyme-eubstrate complex with 
the formation of a partial racemate. Such compounds are formed only when the two 
molecules are of approximatively identical structure, and as the glycosides, by defi* 
nition, contain a carbohydrate group it follows that the prosthetic group of a glyco- 
sidase must be a carbohydrate or a closely related group. The aldehyde group of the 
carbohydrate must be free, since carbonyl group reagents inhibit the action of glyco- 
sidam. Veibel and Lillelund” object to this assumption, first because the pyranose 
ring postulated presumes the formation of an ether, not of a semiacetal, and secondly 
because the presence of such a ring, being of a structure too different from the pyran¬ 
ose ring of the glycoside, would prohibit the formation of the partial racemate neces¬ 
sary for the hydrolysis of the glycoside. 

“ B. Helferich, W. Richter, and S. Grttnler, Ber. Verhandl. adcAs. Akad. Wi$$. 
Leipzig, Math.-phyi. Klasse 89, 386 (1938). 

” W. W. Pigman, J, Research NatL Bur, Standards 87,1 (1941). 

•• W, W. Pigman, Advances tn ^nsymof. 4,41 (1944). 

H. LeUr4, Angew, Chem, 60, 581 (1937). 

” 8. Veibel and H. Llllelund, Z. physiol Chem. 858,65 (1938). 
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m. Standardization 

The action of iS-glucosidase is usually followed polarimetrically or reduc- 
tometrically.“ Different methods of assay are in use. 

1. Enzyme Efficiency 

For the comparison of the efficiency of different enzyme preparations of 
maltase Willstatter and associates’® suggested estimation of the “time 
value” {Zeitwert)^ t.c., the time necessary to obtain 50% hydrolysis of a 
solution containing 2.500 g. maltose and 1 g. enzyme in 50 ml. at 30® and 
optimal pH. For j9-glucosidase Weidenhagen^® proposed fixing standard 
conditions corresponding to these values, taking salicin as the standard 
substrate. The dependence of the velocity of hydrolysis on not only the 
concentration of the enzyme, but also on the concentration of the sub¬ 
strate, the pH, and the temperature of the solution makes it necessary to 
standardize all these factors. Practically it is impossible to obtain a solution 
containing 1 g. enzyme in 50 ml. but in most instances there is a strict 
proportionality between velocity of hydrolysis and concentration of en¬ 
zyme so that the enzyme concentration usually is selected so that the 
velocity of hydrolysis is conveniently measurable, and calculation of the 
time value for the enzyme concentration 1 g. in 50 ml. will cause no essen¬ 
tial error. 

The dependence on substrate concentration is much more complicated 
and therefore the standard concentration must be observed. The standard 
solution contains 1.986 g. salicin in 50 ml., i.c., it is 0.139Af. The standard 
temperature is 30®; the standard pH is 4.4 or 5.0. The /S-glucosidase value 
is the reciprocal value of the time value and indicates thus the number of 
enzyme units in 1 g. dry substance of the enzyme. 

2. Salicin Factor 

Independent of the proposal of Willstatter and of Weidenhagen Josephson^* sug¬ 
gested indicating the efficiency of /J-glucosidase preparations by the velocity constant 
for hydrolysis of a 2% salicin solution at 30® and pH 4.4 by an enzyme concentration 
of 1 g. in 50 ml. The value k/e (e — g. enzyme in 50 ml. solution) he termed salicinfac- 
tor (sal.f.). It is seen that his standard solution is more dilute than that proposed by 
Willstatter, and the velocity constants found by him are therefore considerably 
greater than those found with the above-mentioned standard solution. Josephson does 
not indicate to what extent the hydrolysis has to proceed in determining the velocity 
constant, but as the velocity constant for the hydrolysis of salicin is by no means a 
constant, showing a marked decrease with increasing hydrolysis, it seems necessary 
to standardize the degree of hydrolysis. Most conveniently 60% hydrolysis is fixed as 

•• 8. Veibel in Bamann-MyrbAck, Die Methoden der Fermentforschung. Thierae, 
Leipzig, 1941, Academic Press, New York, 1945, p. 1775. 

•• R. WillsUtter, T. Oppenheimer, and W. Stcibelt, Z. physiol. Chem. 110,232 (1920). 

R. Weidenhagen, Z. Ver. deiU. Zueker^nd. 79, 691 (1929). 

R. Weidenhagen, Eryeb. Enzymforsch. 1,168 (1932). 
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standard degree of hydrolysis, since then the following relation between time value, 
/9'glucosidase value, and sal.f. allows the comparison of preparations standardized by 
different methods: 

/J-glucosidase value — 1/time value « sal.f ./log 2 » kv^%le. X sal.f. 

This relation is only valid when sal.f. and time value are determined with salicin solu¬ 
tions of identical concentration. The velocity constants are the unimolecular con¬ 
stants determined with the minute as unit of time and calculated with common loga¬ 
rithms. 

3. Salicin Value 

Since the standard salicin solution mentioned (0.1393/) is not far from saturation at 
30^, it may be inconvenient to prepare the standard reaction solution by mixing an 
enzyme solution with a more concentrated salicin solution because this will often be 
supersaturated at 30®. Another inconvenience is the decline of the velocity constants 
with increasing hydrolysis, due at all events partially to the inhibiting action of the 
products of hydrolysis. Veibel and Lillelund^*** proposed to avoid these inconveni¬ 
ences by using not the directly determined velocity constants, kib$. but a velocity con¬ 
stant termed by them A:s, which is the calculated velocity constant for the dissociation 

TABLE I 

kt Values for Various /^-Glucosides and Factors for Conversion to Salicin 

Value and Sal.f. 


Proportionality factor for 

Glucoside X 10* transformation into 

Salicin value Sal.f. X 10* 


Salicin. 18.9 1.0 5.3 

Methyl gluco ide. 1.89 10.0 53 

Ethyl glucoside. 1.58 12 63 

Propyl glucoside. 5.08 3.7 20 

Isopropyl glucoside. 7.51 2.5 13 

n-Butyl glucoside. 2.25 8.4 45 


of the enzyme-substrate complex, formed instantaneously, into enzyme, glucose, and 
saligenin. The determination of kt implies knowledge of the dissociation constants 
Km, Kmt, and Kmt of the addition compounds enzyme-glucoside, enzyme-glucose, and 
enzyme-aglucon. It was possible to show that the expression: 

+ c + {Km/Kmi + Km/Km, - l)il/c - constant 

is approximatively valid for all values of c. k^. is determined from point to point, x 
being the mean value of the concentration of the products of hydrolysis at the points 
used for the calculation of k^,.. For details concerning the determination of Km. Km„ 
and Km, and the calculation of k,, see Veibel." ‘* Veibel and Lillelund termed this 
constant the salicin value. It is related to the salicin factor through the relation: 

salicin value " A:,(sal.f.) 

S. Veibel and H. Lillelund, Emymologia 6.129 (1938). 

** 8. Veibel and H. Lillelund, K. Dan»ke Viden*kah. SeUkab. Mat.-fys. Medd. 17, 
no. 6 (1040). 

« B. HeUerich and H. Appel, Z. pkytiol. Chem. 908.231 (1932). 
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The salioin value has the advantage over the other values in use that every gluooside 
for which has been determined may be used for the standardisation of emulsin prop* 
arations. Veibel and Lillelund^ indicate for some of the alkyl glucosides proportion¬ 
ality factors which may be applied for the transformation of into either salioin 
value or salicin factor (Table I). 

4. Influence of pH and Neutral Salts 

The activity of a certain preparation of /3-glucosidase is dependent on 
the nature of the buffer solution,***^® the en 23 rme being more active in 
phosphate-citrate buffer than in acetate buffer. Also the pH optimum 
seems to some extent to be dependent on the nature of the buffer. Addition 
of neutral salts may be of considerable activating effect.*® The influence 
of the anion is greater than the influence of the cation. In most cases the 
activation increases with increasing salt concentration to a certain limit 
and then remains constant even if the salt concentration is further in> 
creased, but in some instances a maximum activation is reached and 
further increase in salt concentration causes a decrease in the activation 
cr even a decrease of the original enzyme activity. 

The reason for this action of neutral salts is not quite clear. According 
to the experiments of Veibel and Lillelund*® no influence of the ionic strength 
is to be found, and the experiments of Helferich and Schmitz-Hillebrecht*® 
cannot be explained by consideration of the ionic strength of the salt solu¬ 
tions. The action of the different anions varies in accordance with the lyo¬ 
tropic series, and Helferich and Schmitz-Hillebrecht are inclined to look 
for a colloid-chemical explanation, e.p., a variation in the degree of pepti¬ 
zation of the enzyme. As a matter of fact some neutral salts are able to 
cause a coagulation of the enzyme, as of other proteins, when present in 
sufficient concentration. It is, therefore, natural to presume that even more 
dilute salt solutions may influence the degree of peptization, but the ques¬ 
tion seems very complicated. Veibel and Lillelund*® were able to show that 
the affinity between enzyme and substrate is dependent on the nature of 
the buffer solution, but the influence of neutral salts on the affinity was not 
investigated. Further investigation seems necessary before the question 
of the influence of neutral salts on the activity of the enzyme can be re¬ 
garded as solved. 

Not only neutral salts but also other neutral substances may influence 
the activity of a /J-glucosidase preparation. VeibeF *® could show that a 
saturation of the solution with toluene (in order to prevent the growth of 
microorganisms) caused an increase of the activity of iS-glucosidase from 
almond emulsin. The action is dependent on the substrate but seems to 
be independent of the purity of the enzyme preparation. Also, the redox 

** S. Veibel and H. Lillelund, Enzymolof^a^p 161 (1940-1941). 

*• B. Helferich and £. Schmitz-Hillebrecht, Z. phynol. Chem. 234, 54, (1935). 

Yu Heieh and Tsung-Hyul Koo, /. Chineuz Chem, Soc, 8,49 (1941). quoted from 
Chem, AbetraeU 37, 222 (1943). 

^ S. Veibel, Bntymologia 3, 367 (1937-1938). 
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potential of the solution seems to influence the activity of jS-glucoddase. 
Koch and Gagnon^* have examined the influence of nmnll amoimts of 
reducing or oxydizing substances on the hydrolysis of salicin by d-gluco- 
sidase from sweet almonds and have found a maximum of activity at Eh 
93 mv. Below 60 mv. and above 230 mv. the enzyme is irreversibly damaged. 
The explanation of the action of variation in Eh may be either physical 
or chemical. A physical explanation might be the same as that mentioned 
by Helferich and Schmitz-Hillebrecht,‘* viz., an influence on the dispersity 
of the enzyme. In order to explain the influence chemically Koch and 
Gagnon suggest that certain groups of importance for the enzyme activity 
are themselves part of redox systems and therefore liable to be influenced 
by the Eh of the solution. Such systems may be a mercapto or a phenol 
group in equilibrium with the corresponding disulfide or quinone system. 
This explanation may be correct but it does not seem to be supported ex¬ 
perimentally by the authors, and the evidence found for the necessity of 
the presence of mercapto or phenol groups in the enzyme molecule is by 
no means convincing. Also here further investigation is necessary before 
the significance of the Eh of the solution is clear. 

The pH optimum is dependent on the source of the d-glucosidase and 
to a minor degree on the substrate and the buffer solution. For /3-glucosidase 
of sweet almonds it is 4.4 to 6.0,for d-glucosidase from Pojndus and 
Salix species*® 5.6 to 7.0, from lactose yeast**** 6.3, and from liver and 
kidney.*•** Veibel and Lillelund** found that the pH optimum for /S-glucosi- 
dase from sweet almonds was at 4.4 for n-butyl glucoside both in acetate 
buffer and in phosphate-citrate buffer, whereas with o-cresyl glucoside 
as substrate the optimum was at pH 5.0 in acetate buffer, and at pH 4.4 to 
4.5 in phosphate-citrate buffer. 

IV. Specificity 

1. Absolotb SpEciFicmr 
a. Sugar Specificity 

Originally the concept was that each naturally occurring glycoside re¬ 
quired a special enzyme, e.g., amygdalase, salicinase, arbutainase. How¬ 
ever, as the artificially prepared glycosides proved to be hydrolyzable under 
the influence of such enz3rme3 as emulsin or invertase, it became clear that 
the specificity of the enzymes was not as great as at first presumed, but that 
on the other hand these preparations were not single enzymes but mix¬ 
tures of different glycosidases.** Further experiments led to the assump¬ 
tion that all d-glucosides are hydrolyzed by one enzyme, a j9-glucoeidase. 

« P. Kooh and A. Gagnon, Rw. Can. biol. «, 62 (1947). 

•• A. W. BlagowMohenski and N. J. Sossiedow, Biocktm. J. U, 1206 (1927). 

** B. Hofmann, Bioehem. Z. SU, 438 (1936). 

** R. *^llstgttor and Q. Opponhsimor, Z. phytiol. Chem. 121, 183 (1922). 
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WillstStter and Kuhn» and later Weidenhagen^ postulated that only five 
types of glyeosidases exist, m., a- and /J-glucosidases, a- and /J-galactosi- 
dases, and Wructosidase. Glycosides of all other sugars are assumed to 
be hydrolyzed by one of these types. Emulsin was found to contain at all 
events four of these five types, and the generally used terminology of emul¬ 
sin as identical with /S-glucosidase had to be abandoned. On the other hand, 
it had become usual to designate as emulsins glycosidase preparations from 
other sources than almonds, snail emulsin, milk sugar yeast emulsin, 
but to understand thereby the /3-glucosidase of these preparations. In order 
to avoid this ambiguity Helferich** proposed to term as emulsin all prepara¬ 
tions able to catalyze the hydrolysis of glycosides, independent of the 
nature of the sugar, and to use the unambiguous names a-glucosidase, 
^-glucosidase, etc. when an individual enzyme is disucussed. This proposi¬ 
tion has been generally acknowledged and the designation emulsin as 
equivalent to /3-glucosidase has disappeared. 

The sugar specificity of /3-glucosidase has been studied most thoroughly 
by Helferich®* and by Pigman.^^ The main result of their investigationl& will 
be discussed briefly but first the methods applied for comparing the hydro- 
lyzability of different glycosides must be described. To this aim Helferich** 
has proposed to determine the ^Weriigketi”, the enzyme efficiency, of the 
glycosides, i.e., the value k/e (log 2), k and e having the significance men¬ 
tioned above and the substrate concentration being 0.052M. Evidently 
the determination of the velocity constants allows the ranging of /3-gluco- 
sides in a series with decreasing velocity of hydrolysis if the accuracy of the 
determination is sufficient, but this does not seem to be the case with the 
methods applied by Helferich. In many cases the calculation of k is based 
upon a single determination of the degree of hydrolysis after, e,g., 30 min¬ 
utes. If the degree of hydrolysis then incidentally is in the neighborhood of 
50%, the corresponding k value may be applied, l:>eing encumbered only 
with the usual experimental uncertainty, but if it differs essentially from 
50% the error may be considerable, the velocity constants usually decreas¬ 
ing rapidly with increasing hydrolysis, at all events partially due to the 
inhibiting action of the products of hydrolysis. In order to avoid this source 
of uncertainty Pigman“ calculates k from a number of samples taken from 
one solution at different times, covering the range 30-50% of hydrolysis. 
But even so, the determination of the velocity constants at an arbitrarily 
chosen substrate concentration pays no attention to the differences in 
affinity between enz 3 nne and substrate, which may vary considerably even 

** R. Willstatter, R. Kuhn, and H. Sobotka, Z. pAysioL Chem. 1Z9, 33 (1S24). 

^ R. Weidenhagen, Fermentforachung 11, 154 (1030). 

** B. Helferich, Brgeb. Enzyinfor$eh. 7,83 (1938). 

>• B. Helferich, Ergeb, Entymforgch. 2, 74 (1933). 

W. W. Pigman, J. RtMearch Natl. Bur, StandartU SO, 257 (1043). 

** W. W. Pigman, J. Htttarch Nail. Bur, Standards 80, 150 0043). 
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for glucosides of a homologous series of aglycons. Veibel and Lillelund** 
therefore suggested the comparison not of the values but the ki values 
(see Sect. III-3) in order to eliminate the influence of differences in affinity. 
Pigman recently,*^ discussing the two principles, expresses the opinion that 
both are of value and should be applied simultaneously when possible, but 
that in comparing the k^ values the most important factor of enzyme- 
catalyzed reactions, m., the ease of formation and the stability of the 
enzyme-substrate complex, probably is eliminated from consideration. 

This seems to the present reviewer rather obscure. The determination 
of k% implies experimental evidence sufficient for the calculation of k^,, and 
implies also the determination of the dissociation constant for the enz 3 rme- 
substrate complex, this constant being the relation between the velocities 
of dissociation and formation of this complex and thus a measure just of 
the stability of the complex, no hydrolytic reaction being taken into account. 
The ease of formation is, according to Medwedew,^® great. According to 
V^eibel and Eriksen®^^ ®^ the combination of enzyme and substrate proceeds 
without heat of activation and the velocity must therefore be considered 
unmeasurably great. The determination of A :3 (including the determination 
of Km) thus provides us with material for the comparison of the stability 
of the enzyme-substrate complex with regard to both dissociation 
(/Cm) and hydrolytic cleavage {k>i). 

The limit between glycosides hydrolyzable and unhydrolyzable by al¬ 
mond emulsin is indefinite. Arbitrarily glyc.osides with enzyme efficiency 
or leas are considered unhydrolyzable, since even with /3-glucosidase 
preparations of the highest obtainable /3-glucosidase value (about 16) the 
enzyme efficiency 10~® is the limit of the experimentally traceable 
hydrolysis. 

The specificity with regard to carbon atom number 1 seems to be abso¬ 
lute. jS-Glucosidase is without action on a-glucosides. The few examples of 
hydrolysis of a-glucosides by /3-glucosidase preparations reported may be 
explained as resulting from a content of a-glucosidase in the i9-glucosidase 
preparations (taka-diastase and other mold emulsins, but not almond 
emulsin). Also with regard to carbon atom number 2 the specificity is 
absolute. Glycosides can be hydrolyzed by j3-glucosidase only when the 
hydroxyl groups at carbon atoms 1 and 2 are in trans position, and, since 
the specificity with regard to carbon atom 1 is absolute, it follows that the 
carbon atom 2 specificity also must be absolute. 

Since in a-D-mannosides the hydroxyl groups at carbon atoms 1 and 2 
are in trans position and carbon atoms 3-5 have the same configuration as 

•• O. Medwedew, Enzymologia 2, 53 (1937-1938). 

•• 8. Veibel and F. Eriksen, KgL Damke Vidensknb. Selskab, Mat-fys. Medd. 18, 
2^0 (1986) 

•' S. Veibei and F. Eriksen, Kgl. Dantke Videnskab. Sel»k<ih. Mat.-fy». Medd. U, 
No. 16 (1937). 
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in D-glucoae, the a-D-mannoaides might be hydrolyzed by /S-glucoaidaee; 
this, however, does not seem to happen. The hydrolysis of a-n-mannosides 
by, e.g., almond emulsin seems to be due to an a-mannosidase, not to the 
d-glucosidase. 

If the hydroxyl group at carbon atom 2 is replaced by a hydrogen atom, 
2 -desoxyglucosides are formed. These might be hydrolyzed by both glu- 
cosidases and mannosidases. Helferich and Hoff*’ have shown that phenyl 
2 -desoxy-a-D-glucoside is slowly hydrolyzed by almond emulsin (enz 3 rme 
efficiency 2.9 X 10~*) but that the a-mannosidase is responsible for the 
hydrolysis. The corresponding phenyl 2-desoxy-|8-D-glucoside has not been 
investigated, but it would be presumed that it might be hydrolyzed by 
/3-glucosidase. This is the only change at carbon atom 2 which does not 
inhibit the hydrolysis completely, possibly due to the fact that, the volume 
of the hydrogen atom being small compared with the volume of the hy¬ 
droxyl group, the substitution has only a negligible influence on the con¬ 
formation” of the pyranose ring and therefore does not alter completely 
the conditions for the attack on the glycoside molecule. 

Esterification of the 2-hydroxy group also makes the /3-glucoside unhy- 
drolyzable. Helferich and Grunler” prepared the 2-to8yl derivative of 
vanillin /3-D-glucoside and found no hydrolyzing action of /S-glucosidase in 
100 hours. The tosyl group being a large one it would be of interest to 
examine the influence of a smaller group, e.g., a methyl group, but 2-methyl 
/S-n-glucosides have not yet been prepared. Replacement of the 2-hydroxy 
group with an amino group OS-n-glucosaminide) does not completely inhibit 
the hydrolyzing action of almond emulsin if the amino group is made less 
likely to capture a proton by acetylating it; Helferich and Hoff,” however, 
could show that not^-glucosidase but another enzyme, iS-iV-acctylglucosam- 
inidase, is responsible for the hydrolysis. The hydrolyzability of JV-acetyl- 
glucosaminides is of interest since the TV^-acetylamino group has a rather 
great volume. 

At carbon atom 3 also the specificity seems absolute. 3-Methylphenyl 
jS-D-glucoside was found unhydrolyzable by Helferich and Lang.” Here 
the methyl group is on the same side of the pyranose ring as the glucoaide 
linkage. It would be of interest to examine the corresponding 2-and 4- 
methyl derivatives having the methyl group on the opposite side of the 
ring, but these compounds have not been investigated so far. Epimeriza- 
tion at carbon atom 3 would transform the /S-n-glucosides into j9-D-allosides. 
These compounds have not been examined. 

The specificity at carbon atom 4 has been examined very thoroughly. 

” B. Helferich and A. Doff, Z. phyriol. Chem. 931,252 (1933). 

•* W. W. legman, J. Reuarch Natl. Bur. Standardt 98,197 (1941). 

** B. Helferich and S. Orttnler, J. prakt. Chem. [2] 148,107 (1937). 

** B. Helferich and O. Lang, Z. phyriol. Chem. 918,123 (1933). 
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Epimerization here means transformation of /S-n-glucosides into /3-D-galac- 
tosides, which are hydrolyzable by almond emulsin and by |3-glucosidase 
preparations of almost every source, even if the velocities are only about 
10% of the velocity of hydrolysis of the corresponding iS-glucosides. It has, 
therefore, been generally assumed that jS-glucosidase may also hydrolyze 
/J-gaJactosides. Since, however, iS-glucosidase preparations have been found 
which do not hydrolyze ^-galactosides,” the question is still open. A 
more detailed discussion will be given in Chapter 17. The replacement of 
OH at carbon atom 4 with Oil seems to lx; reconcilable with a retention of 
thehydrolyzability, since/3-methyl maltoside (4-a-D-glucopyranosidomethyl- 
-/3-D-glucoside) may be hydrolyzed by /3-glucosidase.‘'* This is interesting 
because the substituent has a volume as great as the glucoside, but the 
glucoside linkage and the substituent are on opposite sides of the pyranose 
ring. 

At carbon atom 5 the specificity is not quite absolute. The —CH 2 OH— 
group may be substituted by a hydrogen atom without total loss of hy- 
drolyzability. That means that a ^-n-xyloside may be hydrolyzed by /3-glu- 
cosidase, even if the enzyme efficiency drops from 0.33 (phenyl /3-D-gluco- 
side) to 0.0018 (j3-D-xyloside).‘* If in /S-o-galactosides the —CHjOH— 
group is replaced by a hydrogen atom an a-L-arabinoside is formed, which 
is hydrolyzed by /3-glucosidase (or |3-galactosidase) of almond emulsin; in 
this case most of the enzyme efficiency is retained, decreasing only to some 
70% of the efficiency in the hydrolysis of the /3-galactoside. 

Finally, at carbon atom 6 no absolute specificity seems to exist. Substi¬ 
tutions may cause increase or decrease in the velocity of hydrolysis and in 
the enzyme efficiency of a certain /3-glucosidase preparation as compared 
with the enzyme efficiency toward the corresponding /3-glucoside. 

Pigman** summarizes the evidence concerning the sugar specificity of 
/S-glucosidase (and other glycosidases) in saying that glycosides with iden¬ 
tical ring conformation are hydrolyzable by one glycosidase, but difference 
in conformation (furanose ring instead of pyranose ring, different configura¬ 
tion of one or more of the ring carbon atoms) implies a special glycosidase 
for each conformation. As to the possibility of finding an enzyme able to 
hydrolyze synthetically prepared glycosides the following condition must 
be fulfilled: Glycosides with unsubstituted rings having the same confor¬ 
mation as those in a naturally occurring sugar may be expecte<l to be 
hydrolyzed by enzymes, and, conversely, naturally occurring enzymes will 
hydrolyze only naturally occurring hexoside types (c/. Gottschalck,*^* who 
thinks that for glucosides it is essential that the hj'droxyl group at carbon 
atom 3 is free). In this connection is must also be mentioned that the sub- 

•• C. Antoniani, Rend. inet. lombardo sci. 12| 68, 355 (1935). 

•’ S. Veibel, C. Id0ller, and J. Wangel, Kgl. Danske ViAenekab. SeUkab Mal.-fye. 
Medd. n. No. 2 (1045). 

«>• A. OottMhalok, Nature 160. 113 (1947). 
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stitution of the ring oxygen atom with a sulfur atom or an NH- group 
makes the glycosides resistant to hydrolysis by /S-glucosidase. Fischer and 
DelbrQck** had found that thioglucosides are unhydrolyzable with almond 
emulsin. Pigman** has reinvestigated the enzymatic hydrolysis of the thio¬ 
glucosides and has found that even with the more active enzyme prepara¬ 
tions now available these substances are quite unhydrolyzable. The same 
holds for iV-glucosides.*^ This may be due to (/) diminished affinity between 
enzyme and substrate when oxygen is substituted by sulfur, or (S) dimin¬ 
ished velocity of hydrolysis of the enz 3 rme- 8 ubstrate complex. (/) Pre¬ 
sumes that the oxygen and the sulfur atoms in the pyranose ring are of 
significance for the union of enzyme and substrate. This may be possible, 
but the alternative, too, must be taken into account as the thioglucosides 
are resistant not only to enz 3 rmatic hydrolysis but also to hydrolysis cata¬ 
lyzed by acids. No determination of the affinity of the S- or the N-glyco- 
sides to jS-glucosidase seems to have been reported in the literature. 

b. Aglycon Specificity 

No case of real absolute specificity caused by the aglucon seems to have 
been reported, even if the velocity of hydrolysis of different /S-glucosides 
may differ by a factor 1(P or 10‘. Among the jS-glucosides most slowly 
hydrolyzed are glucosides of aliphatic tertiary alcohols.” The trimethyl- 
carbinol /S-n-glucoside has an enzyme efficiency of about 2.10“*, i.e., it is 
in the neighborhood of the nonhydrolyzable glycosides (enzyme efficiency 
< 10~*). The aglucon specificity will therefore be discussed under the head¬ 
ing “relative specificity.” 


2. Relative SpEcinciTT 
a. Sugar Specificity 

It was mentioned above that the only modification of the glucose mole¬ 
cule which does not completely annihilate the hydrolyzability of /3-glyco- 
sides by /J-glucosidase is at carbon atom 4 (if /S-glucosidase and /3-galacto- 
sidase may be regarded as one enzyme; cf. Chapter 17), carbon atom 5 
(substitution of —CH*OH by —H), and at carbon atom 6. Here we shall 
discuss exclusively the specificity caused by substitution at carbon atom 6, 
since specificity at carbon atoms 4 and 5 has been sufficiently treated above. 

Subrtitution of the hydroxyl group by a hydrogen atom, t.e., formation 
of a d-desoxy-^-D-glucoside or a /J-n-isorhamnoside causes for the phenol 
glycoddes an increase of enzyme efficiency from 0.3 to 0.56. The volume 
of the substituents at carbon atom 6 seems to be the determining factor as 
diown in Table II.** 

** E. Fiseber and K. DelbrOck, Ber. 42,1470 (lOOB). 

** B. Halferieb, 8. OrOnler, and A. Ondcbtel, Z. phytiol. Chem. 248,86 (1087). 
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Esterification of the hydroxyl group at carbon atom 6 with long acyl 
radicals such as mesyl or tosyl radicals causes a decrease of the enzyme 
efficiency to the neighborhood of the glycosides termed unhydrolyzable. 
The rule of the radical volume as determining factor is, however, not with¬ 
out exceptions. Substitution of the hydroxyl group at carbon atom 6 by 
an amino group causes a very great decrease in enzyme efficiency,*^ 
but by acetylating the amino group, w’hereby the radical volume is in¬ 
creased, a considerable increase in enzyme efficiency may be produced. 
Pigman’^ is of the opinion that here, as in the case of the 2-amino jS-D-glu- 
coside and its acetyl derivative, it is the positive charge on the free amino 
group which inhibits the hydrolysis of the amino glucoside. This means 
that the electrochemical conditions are of greater significance than the 
radical volume. 


TABLE II 

Enzyme Efficiencies of 6-Substituted /J-d-Glucosides 

Enzyme efficiency 


Phenyl /S-D-isorhamnosicle 

Phenyl /S-D-glucoside. 

Phenyl /J-n-glucoside C-fluorohydrin 
Phenyl /S-D-glucoside 6-bromohydrin 
Phenyl /3 -d- glucoside 6-methyl ether 


b. Aglycon Specificity 

In investigating the aglycon specificity of /^-glucosidase a great amount of 
work has been done by Helferich and associates,** by Veibel and asso¬ 
ciates,” •’* and by Pigman and Ilichtmyer.^* Helferich and associates have 
studied the hydrolysis of aryl /3-D-glucosides thoroughly and have found 
that these generally are hydrolyzed much faster than the classical glucoside 
of Emil Fischer, methyl /S-D-glucoside. Table III gives some examples of 
the enzyme efficiency of aryl /3-D-gIucosides. For the sake of comparison 
the value for methyl /3-D-glucoside is indicated too. The /8-glucosidase 
value of the sweet almond emulsin used in this investigation is 1.2. It is 
seen that vanillin jS-D-glucoside is hydrolyzed more than 100 times faster 

B. Helferich, A. Hoff, and H. Streeck, Z. physioL Chem. 226,258 (1934). 

W. W. Pigman, Advances in Enzymol, 4,50 (1944). 

” B. Helferich and H. Lutzmann, Ann. 641. 1 (1939). 

B. Helferich, O. Lang, and E. Schmitz-Hillebrecht, J, Prakt, Chem, [2\ 188, 275 
(1033). 

B. Helferich and J. Goerdeler, Ber. Verhandl. sdchs. Akad. IPm. Leipzig, Math.- 
phys. Klassen, 76 (1940). 

8. Veibel and E. Frederiksen, Kgl. Danske Videnskab, Selskab, Mat,-fys. Medd. 
16, No. 1 (1941). 

W. W Pigman and N. K. Richtmyer, J. Am. Chem, Soc. 64,369 (1942). 


0.56 

0.3 

0.03 

0.003 

0.0023 


Glucoside 
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than p-cresyl jS-D-glucoside and more than 400 times faster than methyl 
jS-D-glucoside. An interesting feature in this table is the increase in enzyme 
efficiency caused by a methyl group in ortho position to the hydroxyl group 
responsible for the glucoside formation. o-Cresyl /5-D-glucoside is hydro¬ 
lyzed some 13 times faster than phenyl /8-D-glucoside. But if the other 
ortho hydrogen atom is also replaced by a methyl group a decrease results. 
Phenyl /S-D-glucoside is hydrolyzed some 3.5 times as fast as o, o'-xylenyl 
iS-D-glucoside.^ This effect of an o-methyl-group is not found to the same 
extent in /8-glucosidases from other sources than sweet almonds. The table 
shows clearly that there is no correlation between enzyme efficiency and 
molecular volume of the aglycon. 

In further investigations Helferich’*'*® has determined the enzyme effi¬ 
ciency of glucosides of divalent alcohols and phenols. If the two hydroxyl 
groups are at neighboring carbon atoms the bzs-glucoside is hydrolyzed 


TABLE III 

Enzyme Efficiency of Some Aryl /3-d-Glucosides 


Aglycon 

Enzyme 

efficiency 

Aglycon 

Enzyme 

efficiency 

Methanol. 

. , . 0.034 

o-Hydroxybenzaldehyde. 

. 8.6 

Phenol. 

.. .. 0.33 

Caffeic acid. 

. 8.4 

Salicylic alcohol. 

.... 1.7 

Protocatechualdehyde. 

. 10 

o-Cresol. 

4.3 

Isovanillin . 

. 11 

m-Cresol. 

0.5.5 

Isobourbonal. 

2.5 

p-Cresol 

0.12 

Vanillin . 

13 


much more slowly than the monoglucoside, even if the statistical possi¬ 
bility of hydrolysis is doubled. Without determining the affinity constants 
of the glucosides to /8-glucosidase Helferich expresses the opinion that the 
affinity of the 6i8-gluco8ide is greatly decreased as compared with the 
affinity of the monoglucoside. His explanation of this is that the two glu¬ 
cose molecules are so near to each other that the affinity forces of glucose, 
which in monoglucosides are partially responsible for the formation of the 
enzyme-substrate complex, in the bw-glucosides are saturated between 
the two glucose units so that no or only very slight binding of the glucose 
to the enzyme surface takes place. He thinks this hypothesis is corroborated 
by the fact that one of the glucose molecules may be substituted by a galac¬ 
tose molecule without increase in the enzyme efficiency. If, on the other 
hand, one of the glucose molecules is esterified in the hydroxyl group at 

” B. Helferich and H. Scheiber, Z. physiol. Chem. 226, 272 (1934). 

B. Helferich, H. Scheiber, R. Streeck, and F. Vorsatz, Ann. 618, 211 (1935). 

B. Helferich and C. P. Burt, Ann. 620,156 (1935). 

** B. Helferich and R. HUtmann, Ann. 581, 160 (1937). 
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carbon atom 6 by methanesulfonic acid (which makes this glucoside linkage 
more resistant to the action of /3-glucosidase) the other glucoside linkage is 
hydrolyzed nearly as fast as the monoglucoside. He thinks, therefore, that 
the mesylation of the glucose molecule makes the establishment of affinity 
bonds between the two glucose molecules impossible so that the affinity 
forces of the not mesylated glucose molecule may be used undisturbed for 
binding the glucoside to the enzyme. This explanation may be correct, but 
as it is so far unsustained by determination of affinity constants, great pre¬ 
caution has to be observed with regard to deductions drawn from the hy¬ 
pothesis. The possibility of some form of attractive forces between two 
glucose molecules very close to one another (hydrogen bonds?) is by no 
means far-fetched, but, e.g.^ molecular weight determination of carbo¬ 
hydrates in aqueous solution does not show any sign of association of the 
molecules. The affinity of glucose to /3-glucosidase is not very great ,Km 
being 0.18, and therefore it is difficult to understand that the decrease in 
enzyme efficiency caused by the second glucose molecule should be de¬ 
pendent only on the diminished affinity between glucose and jS-glucosidase. 
Further investigation seems necessary here. 

Veibel and associates have dealt mainly with alkyl /3-D-glucosides. They 
are determining not only the unimolecular velocity constants of hydrolysis, 
fco 6 t., but also the affinity constants, Km, and the values. The values 
increase with increasing number of carbon atoms in the aglycon (alkyl 
groups from Ci to C5 were examined). The Km values decrease, which means 
that the affinity to the d-Pihicosidase is increasing. Pigman and Richtmyer’® 
have found that the values reach a maximum at C7. They have made 
no Km determinations so that it cannot be seen from their data if the de¬ 
crease in is due to a diminished affinity with increasing chain length, 
to an increased stability of the enzyme-substrate complex (decrease of 
/C 3 ), or possibly to an inhibition by the products of hydrolysis. Pigman and 
Richtmyer’® have examined the hydrolysis of benzyl and cyclohexyl /3-D-glu- 
cosides and homologs and have found a similar increase of the A\ 6 ,.. values 
with increasing number of methylene groups between the phenyl (cyclo¬ 
hexyl) ring and the hydroxyl group. Maximum values have in these series 
not been reached but the insolubility of glucosides of higher members of 
these series have restricted the investigation to alcohols with not more than 
three methylene groups. 

The comparison of the results of Veibel on the one hand and of Helferich, 
and of Pigman on the other hand is complicated by the lack of identity 
not only in standard concentration but in standardization of the enzyme 
preparation. The standard substrate is in all cases salicin and the standard 
concentration for determining the enzymatic force O.ISOAT so that only a 
proportionality factor 1 /log 2 should be the difference between siil.f. 
(Veibel) and j 3 -glucosidase value (Helferich, Pigman). The j3-glucosidaae 
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value being by definition l;H%/e(.log.2) the hydrolyais has to be followed to 
this point, as the constants for the hydrolysis of salicin decrease rapidly 
with increasing hydrolysis." From some experiments described by Hel- 
ferich and associates it may be concluded that either in determining the 
ensyme efficiency or in determining the /3-glucosidase value insufficient 
attention has been payed to this. Helferich‘* indicates, e.g., that with an 
emulsin preparation of /3-glucosidase value 1.2 the enzyme efficiency of 
salicin is found to be 1.7. Now Veibel and Lillelund" have found Km for 
salicin to be 0.014. From this it may be calculated that the value of the 
velocity constant for 0.052il/ solution is 2.3 times the velocity constant 
for 0.139M solutions but the value indicated by Helferich is only 1.7/1.2 
«= 1.4 times the value for the 0.139Af solution (c/. Pigman," who indicates 
that the enzyme efficiency of salicin, measured with almond emulsin of 
/^•glucosidase value 1.0, is 2.07. 

Pigman and Richtmyer have tried to recalculate the values of Veibel 
and associates to standard concentration 0.052M by graphic interpolation 
and have reduced the interpolated value for the enz 3 une efficiency of n-butyl 
glucoside to the value found by them for this glucoside. The proportionality 
factor thus found they then have used for the other alkyl glucosides too. 
In Table IV are given the values of Veibel and associates published up to 
now and some unpublished results, recalculated in another way, by means 
of the equation k{Km + c) = constant, to the concentration 0.052ilf. The 
values for methyl and n-butyl glucosides are then compared with the values 
indicated by Pigman and Richtmyer. The proportionality factors are 0.40 
and 0.44, mean value 0.42. All the values of Veibel are then multiplied by 
this proportionality factor; in Fig. 1 these values are plotted against the 
number of carbon atoms in the aglycon together with some results of 
Hgman and Richtmyer and of Helferich. 

Table IV also contains the values oi Km and kt for the glucosides in¬ 
vestigated by Veibel, and for some of them is indicated too the values of 
Kmt> the dissociation constant of the compound /3-glucosidase-aglycon, a 
means of estimating the inhibiting action of the products of hydrolysis 
which is dependent on the relation Km/Kmt- In Figs. 3 and 4 the values of 
Km and k» are plotted against the number of carbon atoms in the aglycon. 
From the Table IV and Fig. 1 is first seen the increase of velocity of hy¬ 
drolysis with increasing number of carbon atoms in the aglycon discussed 
by Pigman. It is seen too that a single branching of the carbon chain slightly 
decreases the rate of hydrolysis and that it is of no particular significance 
whether the branching is at carbon atom 2 or 3, the influence of the con¬ 
figuration of an asjrmmetric carbon atom in position 2 being greater than 
the influence of shifting the branching from 2 to 3. A double branching at 
carbon atom 2 as in neopentyl /S-n-glucoside decreases the velocity of 
hydrdsrsis very considerably, however. 
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j9-Glucosides of secondary alcohols are hydrolyzed very much faster 
than those of primary alcohols, isopropyl glucoside being an exception, 
possibly on account of the two methyl groups at the atom with the gluco- 
sidic linkage, since methyl groups linked to the carbon atom responsible 
for the glucosidic linkage always seems to have a retarding influence on 


TABLE IV 

Values of Velocity Constants, Enzyme Efficiencies, ki , and Kmt for Some 

Alkyl ^-d-Glucosides 


Aglycon 

X 

10* 

Enzyme 

efficiency 


h, X 

10‘ 

if-. 

Methanol. 

2.7 

0.037 

0.62 

1.78 

00 

Ethanol . 

5.3 

0.071 

0.25 

1.54 

00 

n-Propanol. 

22.6 

0.29 

0.16 

4.52 

0.18 

n-Butanol. 

24.5 

0.29 

0.03 

1.71 

0.03 

n-Pentanol*. 

27.3 

0.32 

0.024 

1.75 

— 

Isobutyl alcohol. 

23.6 

0.27 

0.017 

1.35 

0.032 

2-Methylbutanol,“ d-. 

28.3 

0.32 

0.013 

1.53 

__ 

2-Methylbutanol,‘‘ l-. 

23.9 

0.27 

0.013 

1.28 

— 

Isoamyl®. 

23.3 

0.27 

0.015 

1.28 

— 

3-Methylpentanol,** d-. 

19.2 

0.27 



— 

3-MethvlpentanoI,^ l-. 

17.9 

0.25 

— 

— 

— 

Isopropyl alcohol. . .. 

16.9 

0.23 

0.40 

7.45 

0.40 

ButanoL2, d-. 

48.3 

0.59 

0.041 

3.91 

0.10 

Butanol-2, l-. 

140 

1.72 i 

0.048 

12.4 

0.014 

Pentanol-3. 

220 

2.56 

0.020 

13.2 

0.022 

Hexanol-2,^ d-. 

228 

2.68 


— 

— 

Hexanol 2,^ L-. 

57 

0.72 

— 

— 

— 

Trimethylcarbinol. 

0.02 

i 0.00066 

1.46 

0.04 

0.37 

Dimethylethylcarbinol. 

0,56 

1 0.0073 

0.14 

0.11 

— 

Methyldiethvlcarbinol. 

6.2 

i 0.079 

0.079 

0.74 

— 

Triethylcarbinol. 

2.5 

1 0.031 

0.057 

0.24 

i 

i 

Neopentyl alcohol. 

4.5 

1 0.054 

0.046 

0.39 

j 0.10 


* Unpublished results. 

^ S. Veibel, Biochem, J. 28, 1733 (1934). 


the velocity of hydrolysis. As soon as one of the methyl groups is substi¬ 
tuted by an ethyl group the velocity of hydrolysis increases considerably, 
and again the influence of the configuration of the asymmetric carbon atom 
is very pronounced. By substitution of the other methyl group with an 
ethyl group a new increase in velocity of hydrolysis is produced, and, as 
first point^ out by Pigman and Richtmyer, some of these alkyl glucosides 


















604 


STIG VGIBEL 


are hydrolyzed considerably faster than phenyl j9-D-glucoside, so that no 
general rule with regard to the velocity of hydrolysis of alkyl and aryl 
glucosides seems to exist. 

/3-Glucosides of tertiary alcohols are hydrolyzed very slowly; trimethyl- 
carbinol |8-D-glucoside, with three methyl groups at the glucoside-linked 



Fig. 1. Enzyme efficiencies for different /S-glucosides 

O-O Primary alcohols 

3-3 Secondary alcohols 

•-• Tertiary alcohols 

O Unbranched carbon chains 

cf* Single-branched carbon chains 

Double-branched carbon chains 
Full lines: p]xperiments of Veibel and associates 
Dotted lines: Experiments of others. 


carbon atom, is so slowly hydrolyzed that the glucoside is in the neighbor¬ 
hood of the glycosides termed unhydrolyzable. Substitution of one or two 
methyl groups by ethyl groups increases the velocity, but if the third methyl 
group also is substituted by an ethyl group the velocity is again somewhat 
decreased. Further investigation of glucosides of secondary and tertiary 
alcohols seems necesssary in order to examine whether an optimal number 
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of carbon atoms in the aglucon exists in these series as in the series of 
glucosides of primary alcohols. 

In order to explain the mechanism of the enzymatic hydrolysis of glu¬ 
cosides Pigman^ refers to the conception of von Euler®^ of the union of 
the substrate with the enzyme through two active areas on the surface of 
the enzyme molecule, one capable of binding the sugar part of the glucoside 
molecule through adsorption bonds, the other binding the agycon through 
adsorption. Fig. 2 is Pigman’s presentation of this conception. In all 
iS-glucosides the affinities of the /3-glucose part of the molecule to the 
/3-»glucosidase molecule must be assumed identical, so that the relative 
specificity depends upon the affinity of the aglycon to the area II. Pigman 





ACTIVATEO STATES 



Adsorption Complex of 
Enzyme and Reaction 
Products 


Fig. 2. Postulated mechanism for the enzymic hydrolysis of an alkyl glucoside 
(from W. W. f’igman, Chemistry of the Carbohydrates, Academic Press. New York, 
11)48). 


thinks it reasonable to assume that the possibility of adsorption bonds 
between the aglycon aiul area II increases with increasing number of 
carbon atoms, and that consetiuently the velocity of hydrolysis will also 
increase. But whereas the increase in adsorption will increase continually, 
the velocity of hydrolysis has been found to reach a maximum and then 
decrease with further prolongation of the carbon chain, not on account of 
diminished \'elocity of hydrolysis of the adsorption complex but because 
the aglycon liberated during the hydrolysis will block the area II so that 
neither the formation of the adsorption complex nor its hydrolysis are the 
rate-determining processes but the desorption of the aglycon from the 
enzyme surface. The fact that a branching of the carbon chain in the agly- 

H. von Euler, Z. physiol. Chem. 143, 79 (1926), 
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con molecule will diminish the velocity of hydrolysis as compared with the 
hydolysis of the isomeric unbranched glycoside may be explained as result¬ 
ing from a greater difficulty in accommodation of the branched aglycon to 
the enzyme surface than the unbranched. A double branching at one carbon 
atom will produce still greater difficulties. 

But the great velocity of hydrolysis of glucosides of secondary alcohols 
is not explained by this hypothesis. With regard to the =CHOH group the 
carbon chain is branched, but notwithstanding this the velocity generally 
is considerably greater than for the isomeric glucosides of unbranched 
primary alcohols. The difference in velocity of hydrolysis of d- and of l- 
alkyl jS-D-glucosides may be explained by the hypothesis that in the two 
cases it is the two different alkyl groups which may be adsorbed to the 
enzyme surface. But still it is difficult to understand why diethylcarbinol 
/9-D-glucoside is hydrolyzed some 35 times faster than ethyl /3-D-glucoside. 

The slow hydrolysis of the glucosides of the tertiary alcohols is inter¬ 
preted as the result of a diminished adsorption of the aglycon. Pigman 
and Richtmyer^® advance the hypothesis that the diminished adsorption 
is due to the lack of a hydrogen atom at the carbon atom responsible for 
the glucoside linkage. This carbon atom is therefore not adsorbed to the 
enzyme surface and the contact between the glycosidic linkage and the 
enzyme is a more indirect one than in the other glucosides. This explanation 
is, in the opinion of the reviewer, very improbable since the aryl glucosides, 
formally being tertiary glucosides and thus also lacking the connecting 
hydrogen atom, are hydrolyzed very much faster than the tertiary alkyl 
glucosides. 

An estimate of the degree of adsorption may be gained by determining 
the Km values for the glucosides. Veibel and associates have made such 
determinations. The results are indicated in Table IV and plotted against 
the number of carbon atoms of the aglycon in Fig. 3. It will be seen that 
the adsorption increases with increasing number of carbon atoms and 
that, for isomeric glucosides, it decreases from primary through 
secondary to tertiary alkyl glucosides. This fits well into the hypothesis 
mentioned above but gives no explanation of the great velocity of hydroly¬ 
sis of glucosides of secondary alcohols, and the difference of the Km values 
of D- and L-methylethylcarbinol /9-D-glucoside is not great enough to 
explain the very great difference in enzyme efficiency toward the two gluco¬ 
sides. Also, the influence of branching of the carbon chain on the Km 
values does not correspond to the influence on the enzyme efficiencies 
toward the corresponding glucosides, isobutyl and isoamyl glucoside being 
adsorbed more strongly than the corresponding n-alkyl glucosides, whereas 
the enzyme efficiencies toward the n-alkyl glucosides are greater than 
toward the isoalkyl glucosides. The effect of double branching corresponds 
to the hypothesis; both the adsorption and the enzyme efficiency are 
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strongly diminished as compared with the isomeric n-alkyl glucoside. 
Further investigation is badly wanted, however, before the correlation 
between adsorption and enzyme efficiency can be regarded as sufficiently 
elucidated. 



Fio. 3. Km values for different alkyl /S-D-glucosides 

O-O Primary alcohols 

3-3 Secondary alcohols 

•-# Tertiary alcohols 

O Unbranched carbon chains 

Single-branched carbon chains 
^ Double-branched carbon chains 

The hypotheds here discussed presumes that the hydrolysis of the 
glucoside takes place by the reaction of the adsorption complex with water. 
As the velocity of formation of this adsorption complex must be unmeas- 
urably great (the Km values being independaat of temperature,**■***•" 
the heat of activation for the formation of the adsorption complex 
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it is the hydrolysis of the reaction intermediate which is measured (or 
for the higher alkyl glucosides the desorption of the aglycon from the 
enzyme). Measurements of the heat of activation would here be of interest 
for the elucidation of this question. 

The velocity constant of the hydrolysis of the reaction intermediate is 
the constant termed kz by Veibel and Lillelund^*, and in Table IV values 



Fig. 4. kt values for different alkyl /J-D-glucosides 

O-O Primary alcohols 

3-3 Secondary alcohols 

•-• Tertiary alcohols 

O Unbranched carbon chains 

cT Single-branched carbon chains 

^ Double-branched carbon chains 

of kz are indicated together with the constants mentioned above. In Fig. 4 
these values are plotted against the number of carbon atoms in the aglycon, 
and it may be seen that for glucosides of primary alkyl groups there is no 
great differences in the kz values (with the exception of propyl glucoside, 
for which the value of kz is abnormally great). Simple branching of the 
carbon chain does not decrease the kz values significantly, but double 
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branching at one carbon atom causes a great decrease in k^. For the second¬ 
ary alkyl glucosides the k» values are very much greater than for the pri¬ 
mary, and the individual differences are considerable, not only depending 
on the number of carbon atoms but on the configuration of the asymmetric 
carbon atom as well. Finally, the tertiary alkyl glucosides have very small 
ki values, but it is interesting to note that the value for methyldiethyl- 
carbinol /S-D-glucoside is double that for neopentyl /S-n-glucoside, so that 
double branching of the carbon chain may be of greater effect on the 
hydrolyzability of the glucoside than the shift from a primary to a tertiary 
alkyl group. 

In some interesting papers Bonhoeffer and associates** ** have investigated the 
influence of substitution of water as solvent with deuterium oxide on the rate of en¬ 
zymatic hydrolysis of / 3 -glucoside 8 . In some instances the velocity increases, in other 
it decreases. Bonhoeffer explains this as due to a double effect of the deuterium oxide. 
The affinity of the substrate for the enzyme is greater in D2O than in H2O, the rate 
of hydrolysis of the enzyme-substrate complex on the other hand smaller. This means 
that if the Km value in water is great (slight affinity) it seems possible that the actual 
concentration of the enzyme-substrate complex may be so much greater in D2O than 
in II2O that the kob$. value may increase even if the h value is smaller in D2O than in 
H2O, the relation between A-i, k\bM. and Km being h =* kob».(Km *f c). If, on the other 
hand, the affinity in water is great (Km small) the increase in affinity cannot be suffi¬ 
cient to compensate for the decrease in A*i. Experimentally Bonhoeffer and associates 
found that the velocity of hydrolysis of methyl jS-D-glucoside is greater in D2O than 
in H2O, that of salicin smaller. The corresponding Km values in water are 0.62 and 
0 . 014 . In deuterium oxide they have not been determined. Steacie,**® on the contrary, 
found the velocity of hi^drolysis of salicin greater in D2O than in H2O. 

Veibel and Frederiksen^^ have determined the heat of activation and the 
value of B in the Arrhenius equation In A = —Q/RT + B for the enzymatic 
hydrolysis of alkyl glucosides. They have found that for glucosides of 
primary and secondary alcohols the heat of activation is, within the limits 
of the experiment, identical, ca. 12,300 cal. The B values, too, are identical 
for these two types of alkyl glucosides. The glucosides of tertiary alcohols, 
on the other hand, have heats of activation about 19,900 cal. and B values 
some 50% higher than the two other types. The neopentyl /S-n-glucoside 
with double-branched carbon chain resembles both in the value of heat of 
activation and in B value the glucosides of tertiary alcohols. 

In the light of the hypothesis proposed by Pigman*^ *^ the heat of acti¬ 
vation will be dependent on the nature of the adsorption bonds between 
the aglycon and the enzyme, and the tertiary alkyl glucosides, having no 
direct adsorption bonds from the glucoside-linked carbon atom may, 
according to him, be expected to have greater heat of activation than the 

** F. Salzer and K. F. Bonhoeffer, Z. physik, Chem, 176A, 304 (1936). 

** K. F. Bonhoeffer, Ergeb, Emymfor9ch, 6 , 47 (1937). 

E. W. R. Steacie, Z. Phy$ik, Chem, S8B, 236 (1935). 
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other t3rpes. In order to examine the validity of this hypothesis it should 
be of interest to compare the heats of activation of tertiary alkyl glucosides 
and aryl glucosides, but, to the knowledge of the reviewer, no investigation 
of the influence of temperature on the hydrolysis of aryl glucosides has 
been published. The hypothesis mentioned here presumes a great resemb¬ 
lance between the mechanism of enzyme-catalysed and hydrogen ion- 
catalyzed hydrolysis of glucosides. Kuhn and Sobotka*^ and Moelwyn- 
Hughes*^'** are of the opinion that in both cases it is the velocity of the 
reaction between the adsorption complex (of /9-glucoside and enzyme or 
hydrogen ion) and water which is measured. When the heat of activation 
for the enzyme-catalyzed hydrolysis is only about a third of the heat of 
activation for the acid-catalyzed hydrolysis, the cause is, according to 
Moelwyn-Hughes,** an increase in the number of degrees of freedom caused 
by the enzyme. Another explanation, the physical meaning of which 
possibly is more obvious, is that the heat of activation, which in the 


TABLE V 

Comparison op Acid and Enzymatic Hydrolysis of Some Alkyl /9-d-Glucobidbs* 


Aglycon 

Acid hydrolysis, 0.\N HCl 

Enzymatic hydrolysis, 30® 

A: X 10*, 60** 

Q 


X 10* 

k, X 10* 

Q 

B 

CH,. 

0.35 

32.610 

16.0 

1.0 

0.73 

1^3 

5.7 

CHjCHtCH,. 

0.46 

32.430 

16.0 

8.7 

1.95 

■ 

7.0 

(CH,).CH. 

0.79 

32.090 

16.0 

6.5 

2.88 

■ 

6.9 

(C.H,),CH. 

1.18 

31.520 

15.8 

84.0 

5.10 

■ SV?S!!I 

5.3 

(CH,),C. 

9.97(40®) 

30.810 

17.5 

O.Oll 

0.02 

19.960 

9.7 

(CH,),C(C,H.).... 

42.9 (40®) 

29.870 

17.5 

0.22 

0.042 

19.960 

10.0 

(CH,),CCHt. 

0.67 

31.540 

15.5 

1.7 

0.15 

18.060 

9.2 


* Velocity oonstante ere oelculeted with neturei loterithme end the tcoond ee unit of time. 


acid-catalyzed hydrolysis has to be removed by collision with other mole¬ 
cules, in the enzyme-catalyzed hydrolysis has the opportunity of being 
dispersed over the great enzyme molecule. But irrespective of which 
explanation is correct a close correlation between the rate of the acid- and 
of the enzyme-catalyzed reactions might be expected. This correlation is 
not found, however, as shown by several investigations, most recently 
by Veibel and Frederiksen,^^ from whose paper the values given in Table 
V are taken. The most striking difference is that in acid the velocity of 
hydrolysis of tertiary alkyl glucosides is 200-2000 times that of primary or 
secondary alkyl glucosides at the same temperature, whereas in the enzymic 
reactions, as indicated above, the tertiary alkyl glucosides are hydrolyzed 
much more slowly than the primary or secondary alkyl glucosides. 

R. Kuhn and H. Sobotka, Z. physik. Chem. 109,65 (1924). 

** £. A. Moelwyn-Hughes, Trans. Faraday 8oe. 26,81 (19^). 

** £. A. Moelwyn-Hughes, Ergeb. Ensymjorseh, 2, 1 (1933). 
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The heat of activation is 2.5 to 3 times as great for the acid hydrolysis 
as for the enzymatic, hydrolysis when primary or secondary alkyl glucosides 
are examined but only 1.5 times as great for the tertiary alkyl ^ucosides. 
For acidic hydrolysis the heat of activation of the tertiary alkyl glucosides 
is slightly lower than that of the primary and secondary alkyl glucosides, 
for enzymatic hydrolysis it is 1.5 times as great. 

The B values cannot be compared since the molecular weight and the 
degree of purity of the enz 3 mie are not known, but it may be seen that for 
acidic hydrolysis the B values for tertiary alkyl glucosides are some 10% 
greater than for primary and secondary alkyl glucosides, for enzymic 
hydrolysis some 50% greater. An interpretation of these results for the 
time being is not possible. The behavior of neopentyl glucoside is interest 

TABLE VI 


COMPABISON OF RaTES OF ACIDIC AND EnZTMATIC HtDROLTSIB OF SoME ArOMATIC 

/9-GlUC08IDEB 


Aglycon 

Enzyme efficiency 

Acid hydrolysis 
ik X 10* 

CJI. 

0.34 

23 

o.CNCH,C*H4 

2.0 

4.9 

p-CNCH»CJI« 

1.2 

16 

o-CH,COCJl 4 

3.3 

no 

p-CHiCOCtHi 

1.1 

8 

o-CHOCeHi 

8.6 

9 

P-CH0C*H4 

4.2 

8 

o-OH, p-CHOCeH, 

11 

13 

6-OCH,, 3-CHOC*H, 

10 

43 

o OCH,, p-CHOC,H, 

13 

35 

P-CH,C.H4 

0.12 

21 

o.CH,C.H4 

4.3 

18 

o-CH,OHC.H4 

1.9 

11 


ing. For the acid hydrolysis of this substance, the values of fc, Q, and B 
fall in the range of the primary alkyl glucosides; for the enzymatic hydroly¬ 
sis, on the contrary, the values are in the range of the tertiary alkyl glu¬ 
cosides. For aryl /9-D-glucosides no determinations of the heat of activation 
or the B values seem to have been published, but in Table VI are listed the 
velocity constants for the acid and the enzymatic hydrolysis of some 
aryl jS-D-glucosides.’^*^ Also from this table it is seen that there is no 
parallelism between the two types of hydrolysis. 

Steam’’ proposes calculating A/f and A/S, the heat and entropy change 
during the reaction, hoping to utilize these values for the interpretation of 
the mechanism of the hydrolysis. So far the material which may be used for 


A. E, Steam, Ergeb, Entjfmforsch, 7,1 (1938). 
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such calculations is, however, not suflBcient to permit the drawing of re¬ 
liable conclusions. 

The hydrolyzability of disaccharides by jS-glucosidase has been investi¬ 
gated by Helferich and associates and by Pigman.*^ All disaccharides 
with /3-glucosidic linkages are hydrolyzed by almond emulsin but the 
velocities vary considerably, as may be seen in Table VII. Even slight 
changes in the aglycon may markedly influence the hydrolyzability. In 
cellobiose the aglycon is glucose, but if it is substituted by mannose the 
enzyme efficiency decreases to one seventh. A comparison of the enzyme 
efficiency of cellobiose and gentiobiose shows that the shift of the glu- 
cosidic linkage from carbon atom 4 to 6 produces a decrease of the enzyme 
efficiency to half. With the two-afiiniity theory of Pigman as wroking hy¬ 
pothesis the great influence of the structure of the aglycon seems quite 

TABLE VII 

Ease of Enzymatic Hydrolysis of Disaccharides with /3-Glucosidic Linkages 


Substrate 


Enzyme 
efficiency X 10* 


Cellobiose, 4-glueose-i3-gluco8i(le. . 150, 180 

Gentiobiose, 6-glucose-/3-glucoside .. 75 

Celtrobiose, 4-altro8e“/3-glucosicle .. . . (23)'* 

4-Mannose-^-gluco8ide. 2.3 

Phenyl o-cellobiose, 4-(phenyl a-glucoside)-^-gluco8ide 160 

Phenyl/3-glucoside. . 330 


^’Not measured originally under standard conditions. The values given were calculated from the corres¬ 
ponding values for cellobiose, measured under the same conditions, and are approximately those to be ex¬ 
pected under the standard conditions. The data for celtrobiose were derived from the data of N. K. Ilichtmyer 
and C 8. Hudaon, J Am. Chem. Soc, 61, 1834 (1939). 


logical. It is to be assumed that the hydroxyl groups of the aglycon are 
more closely adsorbed to the enzyme surface than the hydrogen atoms and 
therefore the distribution of the hydro.xyl groups on the two sides of the 
pyranose ring in the aglycon is essential. But also the aldehyde group of the 
aglycon-linked hexose molecule is of significance for the hydrolyzability of 
the disaccharide. If it is reduced to a hexitol or oxidized to a hexonic acid 
the enzyme efficiency is decreased to a small fraction of its original value 
(for examples see Chapter 17). A substitution of glucose by, e,g., phenyl 
a-glucoside as in phenyl a-cellobioside, on the other hand, does not de¬ 
crease the enzyme efficiency toward /S-glucosidase. 

Helferich and Werner®® have shown that the monoglucoside of ethylene 

•• B. Helferich and R. Griebel, Ann. 644,191 (1940). 

•• S. A. Petersen, B«r. Verhandl. adcha. Akad. Wiaa. Leipzig, Math.-pkya. Klaaae 66, 
164 (1933). 

B. Helferich and J. Werner, Ber. 76,949 (1942). 
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glycol, which is easily hydrolyzed by emulsin, becomes resistant toward 
the enzyme if it is transformed into an anhydride by formation of an ether 
with the hydroxyl group at carbon atom 2 in the glucose molecule. This is 
quite natural since it is a modification of the pyranose ring, which, as 
mentioned in Section IV-1 destroys the hydrolyzability of the glucoside. 
If, however, the anhydride is formed within the aglycon the resistance to 
enzymatic hydrolysis is not absolute. Helferich and Thiemann^^ have pre¬ 
pared glycol /3-D-celloside anhydride and have found that it is hydrolyzed 
by the /S-glucosidase of sweet almond emulsin, even if the enzyme efficiency 
is only a tenth of the efficiency of cellobiose. This means that the existence 
of a special glycobiosidase, a cellase, responsible for the hydrolysis of 
biosides, is not necessary, since the hydrolysis may start with the hydrolysis 
of the bioside into glucose and glucoside; the latter in turn is hydrolyzed 
by the jS-glucosidase. Since many naturally occurring glycosides are biosides 
or polyosides it is a question of some significance whether the results 
mentioned here have general validity, but even if Helferich and Werner®^ 
found glycol lactoside anhydride hydrolyzable b}^ the /3-galactosidase of 
sweet almond emulsin, Helferich and Thiemann stress that the evidence 
so far produced is too scanty to allow a generalization. 

The influence of acidic or basic groups in the aglycon has been investi¬ 
gated by Helferich and associates. Fischer®® showed that the presence of a 
carboxyl group in the aglucon reduces the enzyme efficiency, whereas an 
amide group is without this effect. Helferich, Pigman, and Isbell®^ fully 
corroborated this result and Helferich and Lutzmann,’'^ extending the 
investigation to the influence of the sulfonic acid group, found a still greater 
influence of this group than of the carboxyl group. Esterification of the 
sulfonic acid group restored the hydrolyzability of the glucoside. Helferich 
and Schnorr,®® investigating the problem more closely, found that the 
effect ot the sulfonic acid group decreases rapidly with increasing number 
of carbon atoms between the acid group and the glucosidic linkage. Their 
results are given in Table VIII. Helferich, Pigman, and Isbell®^ assumed 
that the negative charge on the carboxylic ion was responsible for the 
decrease in enzyme efficiency, since salts of carbonic acids were as slowly 
hydrolyzed as the free acids. Helferich and Schnorr,®® discussing this ex¬ 
planation, find it corroborated by the greater influence of the sulfonic acid 
group than of the carbonic acid group. The experiments are conducted at 
pH 5.0 where the carbonic acids are only to a minor degree dissociated, 
whereas the sulfonic acids, being considerably stronger, are correspondingly 

B. Helferich and K. Thiemann, Z. physiol. Chem. 281, 126 (1944). 

” B. Helferich and J. Werner, Ber. 76,505 (1943). 

»» E. Fischer, Z. physiol Chem. 107, 176 (1919). 

B. Helferich, W. W. Pigman, and H. S. Isbell, Z. physiol Chem. 261,189 (1939). 

•» B. Helferich and H. Schnorr, ilnn. 647, 201 (1941). 
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more dissociated. The values of the ensyme efficiency of the halogen*8ub> 
stituted glucosides show that the presence of an electronegative substituent 
(without an electrical charge) does not decrease the hydrolyzability. Hel- 
ferich and Schnorr, therefore, are of the opinion that the electrical charge 
is a hindrance for the adsorption of the substrate on the enzyme surface. 
When the sulfonic acid is esterified the charge disappears and the adsorp¬ 
tion takes place undisturbed, i.e., the hydrolyzability is restored. A posi¬ 
tive charge on the aglycon acts in the same manner. 

Helferich and associates**-” have examined the hydrolysis of amino- 
methyl-substituted phenyl glucosides and have found the enzyme efficiency 
reduced for both the ortho, meta, and para compounds. Acetylation of 

TABLE VIII 

Enzyme ErriciENCT of /J-d-Glucosides of a-HTDROXTAt,KTL Halides, Sulfonic 

Acids, or Esters 


Alkyl group 

Chloride Iodide 

Sulfonic 

acid 

Sulfonic 

ester 

E.e.aeid/ 

E*6.«ttir 

Ethane. 

. 0.44 

0.94 

0.0009 

0.32 

1/340 

Propane. 

. 0.53 

0.44 

0.08 

0.8 

1/10 

n-Butane. 

. 0.63 

1.1 

0.36 

1.2 

1/3 


TABLE IX 

Enzyme Efficiency of Some Aminomethyl- and V-Acbtaminomethyl- 
SUBSTITUTED PhENYL GlUCOSIDES 


Substituent 

Ortho 

Meta 

Para 

CH, 

4.29 

0.65 

0.12 

NHjCH, 

0.036 

0.05 

0.027 

CHgCONHCH, 

0.88 

1.48 

0.13 


the amino group partially or completely restores the enzyme efficiency* 
Some results are given in table IX. It is seen that the effect of the amino 
group in the ortho position is very much greater than in the meta and 
especially greater than in the para position. The explanation is, according 
to Helferich, the same as for the negatively charged substituents: The 
amino group will, at pH 5, be partially tranrformed into ammonium ions 
and the positive charges are just as inhibitory for the adsorption of the 
substrate on the enzyme surface as the previously discussed negative 
charges. The validity of the explanation has not been sustained by de¬ 
termination of the dissociation constants of the enzyme-substrate com¬ 
plexes. 

** B. Helferich, E. Gttnther, and S. Winkler, Ann. 606,102 (1933). 

” B. Helferich ud F. Philipp, Ann. 014,228 (1934). 









16 . jS-OLUCOSIDASB 


615 


3. Specificity of /S-Glucosioasb frou Various Sources 

The enzyme used < for the specificity studies mentioned above is sweet 
almond emulsia It has been shown, however, that for j3-gIucosidases from 
other sources the specificity may be different from that of almond emulsin. 
In a very interesting study Miwa, Cheng, Fujisaki, and Toishi** have 
compared the action of d-glucosidase from different sources on four different 
/3-glucoeides. Their results are summarized in Table X. An interesting 

TABLE X 

Comparison of Specificities of ^-Glucosidases from Different Sources* 


^-Glucoside 


Source of emulsin 

Phenyl 

Sal icy 1 

o-Cresyl 

p-Crcsyl 

- 

/ 

Ratio 

/ 

Ratio 

/ 

$ 

Ratio 

/ 

Ratio 

Prunm armeniaca (apri¬ 
cot) . 

2.47 

1.0 

30.7 

12.5 

59.8 

24.2 

1.27 

0.51 

A mygdalia communis 


i 







(sweet almond). 

2.10 

1.0 

29.1 

13.9 

52.5 

25.0 

1.20 

0.57 

A. persica (peach) 

0.315 

1.0 

3.16 

10.0 

5.84 

18.5 

0.169 

0.53 

Cycas revoluta (sago 









palm). 

0.0226 

1.0 

0.176 

7.65 

0.394 

17.4 

0.0114 

0.50 

Papaver somniferum 









(opium poppy) 

0.00459 

1,0 

0.0163 

3.54 

0.0268 

QO 

in 

0.00411 

0.89 

Glycine hispida (soy bean) 

0.00073 

1.0 

0.00181 

2.48 

0.00071 

0.97 

0.00146 

2.0 

Cucurbita moschaia 









(squash). 

0.00913 

1.0 

0.00503 

0.55 

0.00421 

0.46 

0.00897 

1.0 

Aspergillus oryzae (taka- 









diastase) . 

0.110 

1.0 

0.0962 

0.88 

0.0139 

0.13 

0.0722 

0.59 

Aspergillus oryzae . 

1.058 

1.0 

0.843 

0.80 

0.013 1 

0.12 

0.749 

0.71 

Aspergillus niger . 

2.99 

1.0 

0.965 

0.32 

0.0772 

0.025 

4.34 

1.46 

Ergot. 

0.148 

1.0 

0.0523 

0.35 

0.0349 

0.24 

0.148 

l.O 


* / ia a mauun of the ease of hydrolysia similar to the ensyme value and enayme effioienoy, but 0.01SJ# 
aubatrau aolutiona have been employed and the ensyme oonoentration ia expressed as f. in 8 ml. For each en- 
syme preparation the ease of hydrolysis of the phenyl gluooaide ia taken aa unity. 


feature of this table is that the marked effect of an ortho methyl group on 
the hydrolyzability of phenyl glucoside first discovered by Helferich and 
associates for almond emulsin is found only for some of the emulsins from 
hi^er plants, above all the Pruntis species and sago palm, whereas for 
/S-glucosidase from fungi the opposite is found: phenyl ^ucodde and also 

** T. Miwa, C. Cheng, M. Fujiaaki, and A. Toiahi, Acto PAytocMm. Japan ID. 16S 
(1937). 
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p-cresyl glucoside are hydrolyzed with greater velocity than o-cresyl glu- 
coside. i3-Glucosidases from other plants are intermediate in type and are 
much less affected by substitution in the aglycon group than almond 
emulsin /S-glucosidase, Also in /3-glucosidase from the digestive juice of 
Helix pamatia the great o-methyl effect is lacking, according to Helferich 
and Goerdeler,^^ and the snail /3-glucosidase is rather insensitive to substi¬ 
tution in the aglycon group as shown in Table XL 
For jS-glucosides of animal origin Hofmann®® has found some differences 
in specificity. Whereas almond i3-glucosidase hydrolyzes salicin rapidly but 
phlorizin very slowly, /3-glucosidase from horse kidneys hydrolyzes phlori¬ 
zin more easily than salicin or phenyl glucoside. Other animal i3-glucosidases 
(from pig and cattle kidneys, from horse liver, and horse, cattle, and pig 
intestinal mucosa), however, resemble almond emulsin in their action on 
phlorhizin and salicin. 


TABLE XI 


Comparison of Specificities of /3-Glucosidases of Almond and Snail Kmi lsin® 


Aglycon 

Sweet almond emulsin 

Snail emulsin 

e.e. 

ratio 

e.e. 

ratio 

Phenol 

0.33 

1.0 

0.028 

1.0 

Salicyl alcohol 

1.7 

5.2 

0.034 

1.2 

Vanillin 

13 

39 

0.151 

5.4 

p-C resol 

0.12 

0.36 

0.026 

0.9 

o-Cresol 

4.3 

13 

0.035 

1.3 

Ethanol 

0.045 

0.14 

0.0056 

0.2 


"For each enxyzne preparation the e.e for phenyl gluooeide is taken as unity. 


From the fact that- the specificity of j^-glucosidase (and other glycosidases) 
from different sources shows these great differences, Pigman^^ found it 
necessary to substitute the specificity theory of Weidenhagen^^ of one 
enzyme responsible for the hydrolysis of all jS-glucosides by a theory accord¬ 
ing to which jS-glucosidase is not a single enzyme, strictly speaking, but 
rather a class of closely related enzymes, which all show a specific ability 
to hydrolyze jS-glucosidase linkages. Pigman does not give any hint as to 
the nature of the differences between the members of this class of /3-gluco- 
sidases but as he, as mentioned above (page 605), supports the idea of two 
active areas on the surface of the enzyme molecule from which area II is 
responsible for the aglycon specificity, it seems to the reviewer reasonable 
to assume that the class differences are dependent on differences in shape 
or size of area I or possibly on the distance between the two areas. 

** E. Hofmann, Biochem, Z. 286, 429 (1936). 
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V. Inactivation 

1. By Salt Formation 

The activity of /J-glucosidase is abolished by the addition of salts of heavy metals, 
especially of mercury, silver, and copper. The inactivation is probably due to salt 
formation with the enzyme, since the activity may be restored if the heavy metal is 
precipitated by hydrogen sulfide. If, however, the action of the metal ions continues 
for too long a time an irreversible inactivation (denaturation of the protein) takes 
place. 

2. By Oxidation 

Helferich and associates'®®have examined the action of ozone on/S-glucosidase 
and have found an almost instantaneously irreversible inactivation. The degree of 
inactivation is proportional to the amount of ozone, but the purity of the enzyme is of 
significance, the purer the enzyme, the smaller the quantity of ozone necessary for 
the destruction of an enzyme unit. For a preparation with /S-glucosidase value 9.6, 
0.0031 g. ozone will destroy one enzyme unit at pH 5.0. The degree of inactivation of 
the enzyme is parallel to a decrease of its tryptophan content, and addition of trypto¬ 
phan to the solution before the treatment with ozone will partially protect 
the enzyme. 

The inactivation caused by osmium tetroxide is of another type. Belferich and Vor- 
satz'®* found that the action is not instantaneous. If the solution is treated with hy¬ 
drogen sulfide or cysteine within some few minutes after the addition of osmium tet¬ 
roxide no, or only little, inactivation is observed. Parallel to the inactivation goes a 
decrease in the amount of active oxygen. Helferich and Vorsatz are therefore of the 
opinion that the first action of the osmium tetroxide is a competitive inhibition, an 
adsorption of osmium tetroxide to the enzyme surface, rapidly followed by an oxida¬ 
tion of the enzyme molecule. During the adsorption period reducing agents may 
restore the activity of the enzyme but if it has been oxidized it cannot be reduced to 
an active compound. Tryptophan has no protective action against osmium tetroxide, 

3. By Irradiation 

Helferich and Brieger'®* have shown that irradiation with mercury vapor light 
inactivates d'glucosidase. Jena glass and Uviol glass protects against the action of the 
irradiation; quartz does not. It must be assumed, therefore, that it is the line 245 m$i 
which causes the inactivation since it is the only one of the mercury lines which is ab¬ 
sorbed by Uviol glass and not by quartz. The purer the enzyme the stronger the in¬ 
activation, which probably is caused by absorption of light by the enzyme molecule. 

4. By Formaldehyde 

Formaldehyde inactivates ^-glucosidase rapidly,'®* but if sodium hydrogen sulfite 
is added without too great delay the enzyme activity may be restored. This might be ex¬ 
plained as an action of formaldehyde on amino groups in the enzyme molecule. It is 
known that formaldehyde denatures proteins, so that the result of prolonged action 
of formaldehyde will he an irreversible inactivation. Mascr^ and Paris'®® have studied 

'®® B. Helferich, S. Winkler, E. Schmitz-Hillebrecht, and H. Bach, Z. physiol, 
Chem. 229, 112 (1934). 

'®' B. Helferich and S. R. Petersen, Z. physiol. Chem. 2S3, 75 (1935). 

B. Helferich and F. Vorsatz, Z. physiol, Ch^^m, 229, 241 (1936). 

B. Helferich and G. Brieger, Z. physiol. Chem. 221,94 (1933). 
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the action of formaldehyde more closely. Their opinion is that even if the addition of 
formaldehyde involves the liberation of carboxyl groups (as in formol titration) no 
real formation of methylene compounds take place, as the enzyme may be recovered 
vrith only slight loss of activity by treatment with ethanol. They are inclined to find 
an explanation in the colloid-chemical nature of the enzyme. The addition of formal¬ 
dehyde is believed to produce a change in degree of peptization. No definite explana¬ 
tion is given by them, however. 

5. By Carbonyl Group Reagents 

According to Lettr4** and other investigators /S-glucosidase is assumed to contain 
one or more carbohydrate molecules, as prosthetic group or as part of the protein 
molecule. Carbonyl group reagents, therefore, might be able to inhibit /S-glucosidase 
action, and some observations to this effect may be found in the literature (inhibition 
by sodium hydrogen sulhte and by phenyl hydrazine but not by hydrogen cyanide). 
The question has not been systematically investigated, however, and nothing can 
be said as to the nature of the inhibition. 

VI. Enzjm&Uc S]mthesis 

If ^-glucosidase is a real catalyst it will catalyze not only the hydrolysis of /9-glu- 
cosides but also their synthesis. H^rissey, investigating this problem about 1900, 
was able to present evidence for the synthesizing action of emulsin 0-glucosidase) 
and Bourquelot and associates, in a long series of papers^*^^ carried out a very thor¬ 
ough qualitative examination of the synthetic properties of the enzyme. This syn¬ 
thetic action does not need to be taken into account in investigations of the enzy¬ 
matic hydrolysis of ^-glucosides, since the equilibrium between glucoside, glucose, 
aglycon', and water is such that in dilute aqueous solutions the hyrolysis will proceed 
until less that 1% of the glucoside is left unhydrolyzed. 

In order to obtain a greater amount of glucoside in the equilibrium mixture, i.e., 
to perform an enzymatic synthesis of the glucoside, it is necessary to use glucose 
dissolved or suspended in a very concentrated solution of the aglycon or in the pure 
aglycon. The enzyme is only slightly soluble in such mixtures but it may act as con¬ 
tact catalyst nevertheless. The reaction under these conditions is a very slow one, but 
if the solutions are rotated so that the enzyme cannot establish an equilibrium at its 
surface, making the diffusion of the glucoside from the saturated layer the rate¬ 
determining process the equilibrium generally will be established within 2-3 weeks. 

No serious doubt seems to exist as to the identity of the enzyme causing synthesis 
and hydrolysis. Bersin*"’ mentions that a difference in degree of dispersity may decide 
if the action of the enzyme is a synthesis or a hydrolysis, speaking of macroheteroge' 
neous synthesizing and microheterogedeous hydrolyzing enzymes, but this con¬ 
ception must be disapproved 

The question has been discussed whether the enzymic synthesis follows the law 
of mass action. Von Euler and Josephson,^** calculating some experiments of Bour- 
quelot and associates, have found that in the synthesis of methyl /9-D-glucoside the 
law of mass action is followed to a methyl alcohol concentration of 50%, but in more 

T. Bokorny, Biochem. Z. 94, 59 (1919). 

B. Helferich and S. Winkler, Z. phynol. Chem. 921,98 (1933). 

M. Mascr4 and A. Paris, Bull, soc. chim. biol. 16,918 (1933). 

E. Bourquelot, Ann. chim. [8] 29, 145 (1913). 

^^T. Bersin, Kurzes Lehrbuch der Enzymologie. Akadem. Verlagsgesellschaft, 
Leipzig, 1938, p. 30. 

H. von Euler and K. Joeephson, Z. phyiol. Chem. 136,30 (1924). 
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concentrated aolutiona of methyl alcohol the synthcBis does not reach the calculated 
degree. They are of the opinion that the enzyme is inactivated by prolonged contact 
with concentrated alcohol, and Shipitsina**® also takes this view. Pronin and Kry¬ 
lova"* have made the observation that at constant alcohol concentration the glucose 
concentration may be varied without deviation from the law of mass action, but if 
the concentration of alcohol (ethyl) is changed from 35 to 81% another equilibrium 
constant is found. Vintilesco, Ionesco, and Kisyk,*" on the other hand, calculating 
the same e.xperiments of Bourquelot as von Euler, thinks that the deviation from the 
law of mass action is only apparent inasmuch as not the total glucose-concentration 
but only the concentration of /^-glucose has to be taken into account, and with in¬ 
creasing alcohol concentration the amount of i9-glucose in the equilibrium decreases, 
which may be seen from the increase of the specific rotation of glucose with increasing 
alcohol concentration. Veibel,*" however, was able to show that not only is the spe¬ 
cific rotation of glucose modified by increasing alcohol concentrations, but also that 
of /^-glucosides, and here no possibility of variation of the ratio jS-glucoside: a-gluco- 
side does exist. The examination of the validity of the law of mass action is, there- 


TABLE XII 

Equilibrium (Constants and Heats of Ueac?tion for Some Glucosides 


Aglycon 

A'ao® 

K,” 

Qy cal. 

Methanol 

0.311 

0.296 

314 

Ethanol 

0.519 

0.466 

700 

Propanol 

0.657 

0.587 

722 

Butanol 

0.624 

0.568 

602 

Isobutyl alcohol 

0.785 

0.738 

397 

Isopropyl alcohol 

1.495 

1 253 

1131 

sec.-Butanol 

1.391 

1.221 ! 

835 

ferf.-Butanol 

3.761 

2.967 

1524 


fore, very complicated, but not reason of doubting its validity for enzymatic gluco- 
side synthesis seems to exist. 

Veibel"* has examined the position of the equilibrium in dependence on the type 
of the aglycon (primary, secondary, tertiary alkyl). In order to be able to use identical 
concentrations of glucose, alcohol, and water in all experiments acetone was used as 
a neutral component of the solutions, which were 0.153/ with regard to glucose, 3.00.V 
with regard to alcohol, and 15.(X)3/ with regxird to w'ater. The equilibrium was 
determined at 30® and at 4®. Table XII gives the results. It is seen that the amount 
of glucoside formed depends both on the number of carbon atoms in the aglycon and 
on the type of the alcohol. For primary alcohols the degree of glucoside formation 
decreases with increasing number of carbon atoms (/v being the equilibrium constant 
for the hydrolysis, X »■ 1 corresponds to about 16% synthesis, X -■ 2 to 9%, and K 

**® G. K. Shipitsina, Biokhimiya 7, 1 (12) (1942). quoted from Chem. Abstracts 87, 
4411 (1943). 

"* 8. A. Pronin and S. A. Krylova, Arch, set. bid. U. S. S. R. 44, 167 (175) (1936). 
quoted from Chem. Abstracts 88, 6535 (1938). 

**• I. Vintilescu, C. N. lonescu, and A. Kisyk, Bui. Chim. Soe, Chim. Romdnia 17, 
137 (1935). 

"• 8, Veibel, EnMytnologia 1, 124 (1936-1937). 
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« 3 to 6%). The degree of glucoside formation decreases in the series primary through 
secondary to tertiary alcohols. The equilibrium constant for sec. butyl glucoside is 
probably more uncertain than the others since the alcohol contains an asymmetric 
carbon atom and the velocity of synthesis presumably is different for the d- and the 
L component of the alcohol. Even if, according to Kuhn,“* it is to be expected that 
the glucoside of the racemic alcohol will result if the time of reaction is sufficiently 
prolonged, this stage is certainly not reached in the experiments described, inasmuch 
as the last phase of the reaction is very slow as compared with the initial rates of 
synthesis. Helferich and Lamport”* are of the opinion that the initial velocity of 
synthesis increases with increasing number of carbon atoms in the aglycon (for un¬ 
branched aliphatic alcohols). Veibel”* could not corroborate this result, but further 
investigation of the kinetics of the enzymatic glucoside synthesis is necessary before 
the dependence of the velocity on size and structure of the alcohol may be regarded 
as elucidated. 

Vintilesco, Ionesco, and Solomon”® investigated disaccharide synthesis catalyzed 
by /^-glucosidase, but only preliminary results have been published. 

The degree of glucoside formation is greater at 4° than at 30° (see Table XII). 
Veibel”* calculated the heat of reaction for the glucoside formation from the expres¬ 
sion: 


<3 = 


RT1T2 i^^ri 


It is seen that the heat of reaction is greater for secondary alkyl glucosides than for 
primary and still greater for tertiary alkyl glucosides. This is in accordance with 
the order in which the degree of glucosidification decreases. 


“® W, Kuhn, Ergeb. Emymforsch. 6, 1 (1936). 

”* B, Helferich and U. Lampert, Ber. 68, 2050 (1935). 

”• I. Vintilescu, C. N. lonescu, and M. Solomon, Bui. Chim. Soc. Chim. Romdnia 
17, 267, 283 (1935). 
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I. a-Galactosidase 

1. Occurrence, Preparation and Purification 

The best source of a-galactosidase is brewer’s yeast‘“^; the enz>Tne is ab¬ 
sent from baker’s yeast. Bierry^ mentions that the digestive juice of Helix 
pamatia hydrolyzes not only /3-galactosides but a-galactosides as w^ell. The 
digestive juice therefore contains an a-galactosidase, w^hich was, however, 
not further investigated by Bierry. Helferich and Appel® found that sweet 
almond emulsin also contains an a-galactosidase which is different from 
/3-glucosidase (and /3-galactosidase), since the a-galactosidase action dis¬ 
appears with progressive purification of the almond emulsin preparation. 
This was more closely investigated and corroborated by Helferich and asso¬ 
ciates,^ who found, in accordance with the specificity rules of Weiden- 

> E. Fischer and P. Lindner, Wochschr, Brau. 12,959 (1895). 

»A. Bau, Wochachr, Brau. 12, 1062 (1895). 

* A. Bau, Wochschr. Brau. 20, 560 (1903). 

^ A. Bau, Wochschr. Brau. 20, 595 (1903). 

* H. Bierry, Compt. rend. 166, 265 (1913). 

* B. Helferich and H. Appel, Z. physiol. Chem. 206,231 (1932). 

^ B. Helferich, S. Winkler, R. Gootz, O. Peters, and E. GUnther, Z. physiol. Chem. 
206,91 (1932). 
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hagen,** • that the effect of purification was a decrease of the ena3nne 
efficiency for a-n-galactosides and /S-L-arabinosides. Methods for the isola¬ 
tion of the a-galactosidase were not indicated. 

HilP® found that /^-galactosidase from alfalfa seed also contains a-galac- 
tosidase. The two galactosidases are not efficiently separated by purifica¬ 
tion with tannin, but by adsorption on alumina the ^-galactosidase is more 
strongly adsorbed than the a-galactosidase, so that a solution relatively 
richer in a-galactosidase may be obtained. The j^-galactosidase is more re¬ 
sistant to heat than the a-galactosidase. In a 0.25% aqueous solution of al¬ 
falfa seed emulsin about 56% of the iS-galactosidase activity but only 20% 
of the a-galactosidase activity remain after heating to 45° for 3 hours. 
Against ultraviolet radiation the stability of the two galactosidases is iden¬ 
tical. The pH optimum of the a-galactosidase is not sharp, an optimal zone 
at pH 3.3-5.0 is found, whereas the /S-galactosidasc has a fairly sharp pH 
optimum at pH 3.4-3,5 (c/. Veibel and 0strup"). 

Coffee emulsin, which in properties resembles alfalfa seed emulsin very 
much, also contains an a-galactosidase.^^ Helferich,^’ investigating*kefir 
emulsin, found it able to hydrolyze-a-galactosides, so that this emulsin, 
too, contains an a-galactosidase. 

The difference between /S-glucosidase and a-galactosidase of sweet almond 
emulsin is seen when the crude enzyme preparation is purified with carbo- 
raffin C according to Helferich and Pigman.*^ The enzyme efficiency of 
the /9-glucosidase may increase 200%, that of a-galactosidase only 50%. By 
purification with silver oxide the a-galactosidase is completely destroyed. 
The best separation of the a-galactosidase in sweet almond emulsin is ob¬ 
tained by chromatography on bauxite*® (see Chapter 16), Also the cellobi- 
ase (chitinase) which accompanies the /S-glucosidase and the galactosidases 
is in this way separated from the a-galactosidase. In the standardization of 
a-galactosidase, melibiose is used as substrate. The standard concentration 
of Willst&tter and associates*^ is used, i.e., 1.3125 g. melibiose in 25 ml. solu¬ 
tion. Standard pH is 4.62 (acetate buffer). 

Even if it is questionable whether /^-glucosidase and /^-galactosidase are 
two different enzymes (see Sect. II-2) no doubt exists as to the difference 
between a-glucosidase and a-galactosidasc. a-Glucosidase is isolated from 

* R. Weidenhagen, Naiurwi$8enBchafUn 16, 654 (1928). 

* R. Weidenhagen, Z. Ver. deut. Zucker-Ind, 78, 417 (1928). 

K. Hill, Ber. Verhandl. 8dch8. Akad. Ww, Leipzig^ Maih.-phy8. Kla888 86, 115 
(1934). 

8. Veibel and G. 08trup, Biochim. ei Biophy8. Acta 1,1 (1947). 

B. Helferich and F. Vorsatz, Z. phyziol, Chem, 887,2M (1935). 

B. Helferich, Ber. VerhandL 8ach8. XArod. Wife. Leipzig^ Math,-phy8. KUmc 66, 
135 (1943). 

B. Helferich and W. W. Pigman, Z. phyzioL Chem, 869, 253 (1939). 

^ W. W. Pigman, Z. phyeiol, Chem, 861,82 (1939). 

L. Zechmeifter, G. T6th, and M. Bdlint, Enzymologia 6, 302 (1938). 

*7 R. Willat&tter, Tr. Oppenheimer, and W. Sieibelt, Z. phyeiol. Chem. 110, 832 
(1920). 
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brewer’s yeast by plasmolyzing the yeast with ethyl acetate at 0® and pH 
7.0. Only traces of a-galactosidase are liberated from the cells by this pro- 
cedure, and the a-glucosidase may be freed from these traces by adsorbing 
them on aluminum hydroxide An a-glucosidase-free solution of a-galac¬ 
tosidase is, on the other hand, obtained^* by plasmolyzing brewer’s yeast 
with toluene at 30® and pH 7.0. 

2. Specificity 

The typical substrate for a-galactosidase is melibiose, a-galactosido-6- 
glucose. a-Galactosidase is one of the five glycosidase types presumed by 
Weidenhagen* •• to be responsible for the hydrolysis of all glycosides. 
a-Galactosidase will, according to this theory, hydrolyze not only a-ga- 
lactosides but also glycosides derived from a-galactosides by substitution 
at carbon atoms 5 and 6. Pigman^® has slightly modified the system of 
Weidenhagen. According to Pigman a-galactosidase is responsible for the 
hydrolysis of a-D-galactosides, /3-L-arabinosides, a-D-fucosides(?), melibiose, 
a-D- and h-glycero-D-galacto-oldoheptosides (d- and h-glycero refer to the con¬ 
figuration at carbon atom 6 in the heptosides, i>-galacto to the configuration 
at carbon atoms 2-5). But even if no absolute specificity towards these 
glycosides seems to exist the relative specificity may be great. Also a relative 
aglycon specificity is found, but it is not always as pronounced as for jS-gluco- 
sidase and /3-galactosidase. Both alkyP®* and aryl a-D-galactosides^* and 
the trisaccharide raffinose with an a-galactosidic linkage are hydrolyzed by 
a-galactosidase, and raffinose is presumably the only naturally occurring 
substrate for this enzyme. But whereas both /3-glucosidase and /3-galacto- 
sidase will hydrolyze the o-cresyl /3-D-glycosides considerably faster than the 
corresponding phenyl /S-D-glycosides, o-cresyl and phenyl a-D-galactoside 
are hydrolyzed with nearly the same velocity. 

3. Enzymatic Synthesis 

Bourquelot and Aubry*° and Bourquelot” have investigated the enzyma¬ 
tic synthesis of a-galactosides, using the technique indicated by Bourquelot 
for the synthesis of /8-glucosides (see page 618). A series of alkyl a-D- 
galactosides have been prepared in this way. 

II. /3-Galactosidase 

1. Occurrence, Preparation, and Purification 

Practically all j8-glucosidase preparations are able to hydrolyze iS-galac- 
tosides. Until now it has been impossible to separate the two glycosidases 

R. Weidenhagen and A. Renner, Z, Wirtachaftsgmppe Zuckerind. 86, 22 (1936). 

»• W. W. Pigman, J, Research NatL Bur, Sta^ards 80, 267 (1943). 

E. Bourquelot and A. Aubry, J • pharm. chim. 17) 9, 225 (1914). 

** R. Weidenhagen, Z. Ver, dent, Zucker^Ind, 77,696, 707 (1927). 

•• E. Bourquelot, J- pharm. Chim. 17110,393 (1914). 
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and a special description of the preparation of ^-galactosidase is therefore 
not necessary, as it is identical with the preparation ot /?-glucosidase (page 
584). But in addition to sources from which both glycosides may be isolated 
/3-galactosidase may be isolated from materials which do not contain 
glucosidase. Hofmann-^ found that emuLsin from the kernels of Rosa canina 
is able to hydrolyze /^-galactosides but /J-glucosides only very slowly and 
also that emulsin from different strains of bacteria {Lactobacillus delbruckiiy 
Escherichia coli)^* and from soj’'beans"® will hydrolyze /^?-galactosides but 
not /3-glucosides. The best source for /3-glucosidase-free jS-galactosidase 
seems to be seeds of alfalfa^^ or coffee.*^ 

10 kg. alfalfa seeds are soaked with water for 24 hours, allowed to germinate for 48 
hours at 25°, dried in a thin layer (0.5 cm.) for 3-4 days, and milled to a fine powder 
(raw enzyme 0). Ten kg. of this powder are dredged with 50 1. water; 3 kg. toluene are 
added and the mixture is left over night. Next day the liquid is pressed from the pow¬ 
der (40 1.) and precipitated with a solution of 200 g. tannin in 2 1. normal sodium ace¬ 
tate,0.51. 2iV acetic acid, and 7.51. water. After 20 hours the precipitate is isolated by 
decantation and centrifugation. Tannin is removed by four times repeated dredging 
in 10 1. acetone followed by centrifugation (yield 320 g., enzyme I). For further puri¬ 
fication 50 g. enzyme I are dredged in 2.51.0.1 N acetate buffer, pH 5.0. The insoluble 
part is isolated by decantation after some hours, washed with acetone till free from 
tannin, and dried (yield 3.7 g., enzyme II). The /3-galactosidase value of raw enzyme 
0 is0.0038, of enzyme 10.029, and of enzyme II 0.105. Purification with silver acetate** 
cannot be employed, since alfalfa ^-galactosidase is practically destroyed by this 
procedure. 

2. Specificity 

In Chapter 10 the general problem of the specificity of glycoskiases is 
treated. It suffices therefore to mention here that it is to be expected that 
)3-galactosidase will hydrolyze /3-D-galactosides, a-L-arabinosides, /3-D-fuco- 
sides (?), lactose, and heptosides with /3-D-galactose configuration (i.c. /3 -d- 
and L-^/Zz/cero-D-graZacto-aldoheptosides).^® Originally it was thought that 
lactase and /3-galactosidase were two different enzymes, but convincing evi¬ 
dence has been produced to prove that lactose and lactose derivatives (lac¬ 
tose ureide, lactobionic acid) are hydrolyzed by /9-galactosidase, so that this 
question will not be discussed here. 

But another question of specificity exists. It was mentioned that sweet 
almond emulsin and most other /3-glucosidase preparations contain /3-galac- 
tosidase, and in Chapter IG it is mentioned that it was not proved that the 
specificity for carbon atom 4 of /3-glucosidase is absolute, but that it may be 
only relative. In the last case /3-glucosidase and ^-galactosidase are one 
enzyme. In order to elucidate this question Helfcrich and associates have 
tried to determine whether different purification or inactivation manipula- 

“ E. Hofmann, Biochem. Z. 2$7, 309 (1933). 

E. Hofmann, Biochem. Z. 272,133 (1934). 

» E. Hofmann, Biochem. Z. 272, 426 (1934). 

»• B. Helferich and S. Winkler, Z. physiol. Chem. 209,269 (1932). 
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tions were able to alter the ratio between the enzyme efl&ciency of phenyl 
/3-D-gluco8ide and ^-D^-galactoside or the o-cresyl glycosides. From their 
results it may be mentioned that purification to an enzyme efficiency 740 
times greater than the crude enzyme/partial inactivation by heat,*^ 
treatment with ozone,” osmium tetroxide,*® ultraviolet light,and for¬ 
malin** have produced no variation in the ratio between the two enzyme 
efficiencies. Helferich, therefore, is of the opinion that /S-glucosidase and /3- 
galactosidase of sweet almond emulsin are one enzyme. 

Hofmann*^ opposes this, noting that the difference betw^een the ratio /S- 
glucosidase :^-galactosidase in enzyme preparations from different sources are 
so great that one enzyme cannot be responsible for the hydrolysis of both 
types of glycosides. But, as shown by Miwa and associates,** real /3-gluco- 
sidases from different sources may also show considerable differences in the 
ratio between the efficiencies of, salicin and phenyl /8-D-glucoside (see 
Chapter 16, Table X), this ratio being 25.0 for sweet almond emulsin and 
0.025 for emulsin from Aspergillxis niger. Notwithstanding this no question 
has been raised as to the responsibility of a /S-glucosidase for the hydrolysis 
in both instances. This led Helferich to maintain his assumption of the iden¬ 
tity of /3-galactosidase and /3-glucosidase at least for almond emulsin. Since, 
however, Helferich and associates'®*^* ** found in alfalfa seed emulsin and 
in coffee emulsin enzymes capable of hydrolyzing /3-galactosides but prac¬ 
tically without effect towards ^1-glucosides, it was no longer possible 
to maintain the theory of the identity of the two i3-glycosidases unrestricted, 
and Helferich modified it in postulating that in almond emulsin one enzyme 
is responsible for the hydrolysis of both /9-glycosides; in alfalfa and coffee 
emulsin, on the contrary, the /3-galactosidase is different from the /3-galacto- 
sidase in almond emulsin. His argument for this postulate is first, 
that, whereas the i9-galactosidase of almond emulsin hydrolyzes o-cresyl 
^-D-galactoside some 13 times faster than phenyl /3-D-galactoside, the /9- 
galactosidase of alfalfa emulsin will hydrolyze the two /3-galactosides with 
apparently the same velocity, and second, that the treatment of the some¬ 
what purified enzyme with silver oxide has proved to be a very efficient way 
of purification of almond emulsin, whereas alfalfa seed emulsin is not at all 

B. Helferich, H. Heyne, and R. Gootz, Z. physiol. Chem. 214, 139 (1932). 

»» B. Helferich, S. Winkler, E. Sohmitz-Hillebrecht, and H. Bach, Z. physiol. Chem. 
229, 112 (1934). 

*• B. Helferich and S. R. Petersen, Z. physiol. Chem. 233,75 (1935). 

B. Helferich and F. Vorsatz, Z. physiol. Chem. 239,241 (1936). 

« B. Helferich and G. Bricger, Z. physiol. Chein. 221, 94 (1933). 

»* B. Helferich and S. Winkler, Z. physiol. Chem. 221, 98 (1933). 

« B. Helferich, Ergeb. Enzymforsch. 7, 83, (1938). 

** E. Hofmann, Naturwisscnschaften 22, 496 (1934). 

» T. Miwa, C. Cheng, M. Fujisaki, and A. Toishi, Acta Phytochim. Japan 10, 155 
(1937). 

»• B. Helferich and R. Griebel, Ann. 344, 191 (1940). 
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precipitated by silver oxide, which on the contrary tends to destroy this ff- 
galactosidase. 

Curiously enough Helferich and Goerdeleri^*^ by investigating the fi- 
glucosidase of snail emulsin {Helix pomatia) have established that a quite 
similar difference exists between this /9-glucosidase and the ^-glucosidase of 
almond emulsin (nearly the same velocity of hydrolysis of e-cresyl and of 
phenyl /9-D-glucoside, no purification of the enzyme by treating it with silver 
oxide), but here they do not assume that the two /S-glucosidases are 
different. 

Antoniani** isolated from the seeds of Sorghum saccharatum an enz 3 rme 
which was able to hydrolyze iS-glucosides but not /S-galactosides, and Veibel 
and associates'^ found, contrary to the statement of Hofmann,that milk 
sugar yeast emulsin (from Soccharomyces fragilis J^rgemen) too was able 
to hydrolyze jS-glucosides but not /3-galactosides. The jS-glucosidase present 
in this enzyme preparation hydrolyzes phenyl )S-D-glucoside twice as fast as 
o-cresyl /9-D-glucoside. If these results may be verified it seems necessary to 
presume the existence of two /3-glucosidases as well as two /S-galactosidases. 
Hofmann (see Addendum, p. 634) maintains that the milk sugar yeast 
emulsin hydrolyzes j3-galactosides and thinks Veibel and associates have 
overlooked the /9-galactosidase. Even if this were true it does not authorize 
considering the |S-glucosidase of milk sugar yeast identical with j^-galacto- 
sidase, and the assumption of at least two different enzymes, a /^-glucosidase 
and a /9-galactosidase, seems a necessity. If the reasons of Helferich for 
postulating two different /3-galactosidases must be considered compelling 
it seems necessary to assume two /S-glucosidases as well, but the idea of 
Pigman^*—of a /3-glycosidase not as a single enzyme but as a class of very 
related enzymes, having the same absolute specificity towards different 
glycosides but allowing for relative specificities towards different members 
of a definitoclass of glycosides—may possibly be a more correct representa¬ 
tion of our knowledge about the nature and the identity of glycosidases 
than the more rigid conception of Helferich. The idea of Pigman seems to 
be reconcilable with the assumption of Gottschalck^^ of the adaptation of 
the pyranose ring of a glycoside (in chair position) to the surface of the 
enzyme through the bridge oxygen atom and one of the ring hydroxyl 
groups. The proteins of the different sources of glycosidases may differ in 
the shape and the size of the active part of the surface, but as long as the 

^ B. Helferich and J. Goerdeler, Btr. Verhandl. B&chn, Akcul. Wins, Leipzig, Moih,- 
phye, Klasze 02, 75 (1940). 

•• B. Helferich, Ergeb. Emymforech, 9, 70 (1943). 

»• C. Antoniani, Rend, iet, Lombardo eci. |2] 68,355 (1935). 

8. Veibel, C. Miller, and J. Wangel, Kgl. Danske Videnekab. SeUkab, Mai.-fye, 
Medd.n, No. 2 (1945). 

£. Hofmann, Biochem, Z, 266,462 (1932). 

A. Qottachalck, Nature 160,113 (1947). 
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bridge oxygen atom and, c.g., the hydroxyl group at carbon atom 4 may be 
associated with the active area, only relative specificities will be found. 

In order to ^bstantiate the principal postulate of Helferich that in sweet 
almond emulsin a single enzyme is responsible for the hydrolysis of both 
^-glucosides and d'galactosides, Helferich and Goller** investigated the 
simultaneous hydrolysis of two glycosides, first n-butyl /3-D-glucoside and 
phenyl 0*D-glucoside and then n.-butyl jS-n-glucoside and wi-cresyl /3-d- 
galactoside. The three glycosides have approximately the same enzyme efiS- 
ciency towards sweet almond emulsin. From the Table I it may be seen that 
the hydrolysis of n-butyl /3-D-glucoside is not inhibited by phenyl /3-D- 
glucoside nor by m-cresyl /3-D-galactoside, whereas both phenyl /S-D-gluco- 
fflde and m-cresyl |8-D-galactoside are considerably inhibit^ by n-butyl /3-D- 
glucoside. Helferich and Goller draw from these experiments the conclusion 

TABLE I 

Mutual I.vfluence of Glucosides and Galactosides on Enzyme Efficiency 


Enzyme efficiency of 


Substrate* 

n-Butyl 

glucoside 

Phenyl 

glucoside 

m-cresyl 

1 galactoside 

Butyl glucoside. 

0.26, 0.24 

— 

_ 

Phenyl glucoside. 

_ 

0.33 

_ 

m-Cresyl galactoside. 

— 


0.13 

Butyl-glucoside + phenyl glucoside.. 

0.26 

0.20 

— 

Butyl-glucoside -f m-cresyl galactoside 

0.24 

— 

0.048 


/!-Gluoo8idM6 value of sweet almond emulsin in all cases lul. 
" Concentration of each substance 0.052 ff. 


that there is no reason to assume the existence of two different glycosidases. 
This is obviously correct. But it is very questionable if the problem can be 
solved in the way described. Without knowledge of the dissociation con¬ 
stants of the enzjrme-substrate complexes it seems impossible from experi¬ 
ments carried out with only one substrate concentration to derive any con¬ 
clusions. 

Veibel and associates determined for /S-glucomdase" and for /3-galacto- 
sidase** of almond emulrin the values of k^t., Kmi K^i, Kmt, and kt (for the 
mgnificance of these constants see Chapter 16, p. 591) at various pH values 
and buffer compositions, using o-cresyl /3-D-glucoside and ^-D-galactoside as 
substrates. They found rather great differences in the variations of these 

*• B. Helferich end W. QCller, Z, pkytiok Cketn, 847,220 (1937). 

** S. Veibel end H. Idllelund, Etuyntologia 9 ,161 (1941). 

• 8. Veibel, J. Wengel, end G. Pstrup, Bioekim. «t Biopky. Aela 1,126 (1947). 







628 


STIO VEIBEL 


constants for the two substrates, but the ratio of of glucoside to 
hobt, of galactoside showed no greater variation than might be explained by 
experimental error, even if the figures in Table II seem to indicate a regular 
decrease in the ratio with increasing pH. The variation of the ratio of kz of 
glucoside to fca of galactoside with pH in phosphate-citrate buffer, on the 
other hand, is so great that it cannot be explained as experimental error. 
Veibel, Wangel, and 0strup^* mention the possibility that the colloidal car¬ 
riers in the two enz 5 rmes are different, but since for none of the enzymes has 


TABLE II 

pH Effect on kohM. and kt Ratios of/3-Glucosidasb to /S-Galactosidasb 


Glucoside: 

galactoside 

ratio 

Buffer 

pH 

3.6 

4.0 

! 4.4 

1 

4.8 

1 

5.2 

5.6 

ki*,. 

Acetate 

8.4 

8.3 

1 

1 7.8 

7.2 

6.8 

6.8 


Phosphate-citrate 

7.9 1 

1 

! 

6.5 

6.4 

*6.3 

k. 

Acetate 

4.9 

_ 


1 

4.2 

4.5 


Phosphate-citrate 

10.5 1 

1 — 

1 j 

3.6 i 

— 

4.8 


TABLE III 

Affinity Constants of Glucose and Galactose to /3-Glucosidase and 
^-Galactosidase from Sweet Almond Emulsin 


Substrate 

Km^ (glucose) 

(galactose) 

o-Cresol'/S-D'glucoside. 

0.21 

00 

o-Cre8ol-/3-D-galactoside. { 

0.41 

1 

0.41 



a dissociation into colloidal carrier and prosthetic group been realized it 
seems more adequate to ascribe the differences between the two enzymes to 
a different location of the active areas on the enzyme surface (c/. Gott- 
schalck^*). 

Veibel and associates^® *** determined the inhibitory action of glucose and 
galactose on the hydrolysis of o-cresyl /9-D-glucoside and o-cresyl /3-D-galac- 
toside. If the jS-glucosidase and the i^-galactosidase are identical, the Kmx 
values for glucose and galactose should be independent of the substrate 
used. Table III shows that this is not the case, and therefore it is concluded 
that the two glycosidases are different. 

In other experiments** the /^-galactosidases of almond emulsin and of al¬ 
falfa seed emulsin were compared and it was found that the pH optimum 
and the values of the different dissociation constants of the complexes of 

S. Veibel and O. 08trup, Biochim, et Biophyt, Acta 1,1 (1947). 
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enzyme-substrate, enzyme-galactose, and enzyme-aglycon differ con¬ 
siderably. Glucose, which has some affinity for almond ftmul a j D j3-galacto- 
sidase, has no affinity at all for alfalfa seed emulsin |3-galactosidase and does 
not inhibit at all the hydrolysis of o-cresyl iS-n-galactoside by this enzyme, 
whereas galactose, which as seen from Table III has the same affinity for 
almond emulsin /S-galactosidase as glucose, has so great an affinity for alfalfa 
seed emulsin /3-galactosidase that an exact value cannot be determined. 
These results, too, may be explained by the hypothesis of Pigman*® and 
Gottschalck,^® but it may be regarded as a que.stion of definition whether the 
two /3-galactosidases shall be considered one or two enzymes, the difference 


TABLE IV 

Enzymb Efficiency of Some Di.saccharides and Related Compounds with 

/3-Galactosidic Linkages 


Substrate 

Structure 

Enzyme 

efficiency 



X 10» 

Lactose 

4-Gluco8e i3-galactoside 

11.2 

Lactulose 

4-Fructo8C/3-galactoside 

(14)-> 

Neolactose 

4' Altrose ^-galactosidc 

(2.8)« 

Lactositol 

i 4-Sorbitol i3-galacto8ide 

0.84 

Lactohionic acid 

1 4 - (Gluconic acid) /3-galactoside 

0.41 

Phenyl /3-lactoside 

1 4 - (Phenyl /3-glucoside) /S-galactoside 

23 

Protocatcchuic aldehyde 

j 4-(Protocatechuic aldehyde-/3-glucoside) 

80 

/3-lactoside 

/3-gal actoside 


Phenyl ^-galactoside 


32-49 


** Not meaaured orininally under standard conditions. The values given were calculated from the cor¬ 
responding value for lactose, measured under the same conditions, and are approximately those to be ex¬ 
pected under the standard conditions. 


between them being in many re.spects as great as, e.g., the difference be¬ 
tween d-glucosidase and /3-galactosidase of almond emulsin. 

From experiments with hydrolysis of disaccharides with /3-glucosidic link¬ 
ages it may be seen how great an influence relatively small changes in the 
aglycon have on the enzyme efficiency of the substrate. Table IV contains 
some results obtained by Helferich, Pigman, and associates.*' It is seen that 
reduction of the aldehyde group in lactose reduces the enzyme efficiency to 
a thirteenth of the original value. 

3. Enzymatic Synthesis 

Bourquelot and associates** have investigated the synthetic action of al¬ 
mond emulsin on solutions of galactose in aqueous alcohols. The results are 

« W. W. Pigman, Advances in Emymol. 4, 41 (1944). 

*• E. Bourquelot, J. pharm. chim. 17) 10,361,393 (1914). 
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comparable Tvith those found for the enzymatic eyntheses of jS-glucoeides 
(see page 618), except that /l-galactosidase seems to be more easily inacti¬ 
vated by the alcohols than /9-glucosidase so that the true equilibrium is ob¬ 
tained with great diflSculty.^* 

Vintilescu and associates*** examined the syntheses in mixtures of water, 
ethand, acetone, and galactose and found that, if the alcohol concentration 
is too low, e 3 rnthesi 8 of galactobiose will complicate the evaluation of the 
extent of the alkyl j9-i>-galactoside synthesis. Not only has almond emulsin 
been investigated, but Bourquelot and H^rissey** have also examined the 
action of kefir on solutions of galactose in aqueous ethyl alcohol and have 
found a synthesis of ethyl d-o-galactoside. 

The isolation of the galactosides is somewhat complicated by the pres¬ 
ence of great quantities of galactose. In the enzymatic glucoside syntheses 
glucose may be disposed of by addition of baker’s yeast, which ferments 
the glucose, but galactose is unfermentable by baker’s yeast. Brewer’s yeast 
will ferment the galactose, but it will at the same time contaminate the 
solution with so much protein that it is very difficult to isolate the g^acto- 
sides as pure compounds. 


m. a*Mannosidase 

1. OCCURBBNCB, PREPARATION AND PURIFICATION 

a-Mannosidase is found in most of the vegetable materials used for the 
preparation of d-glucosidase. It will therefore be found in the common /9- 
glucosidase preparations. Fischer had found it present in almond emulsin. 
H^rissey** found that various molds also contain a-mannosidase but that 
the best source for this enzjrme seems to be alfalfa seed. The investigation of 
Hill‘* on alfalfa seed emulsin corroborated this result. The enzyme efficiency 
of an alfalfa seed emulsin preparation towards different glycosides are given 
in Table V. 

Hiat a-mannosidase is different from ^-glucosidase and d-galactosidase 
is proved by the influence of different purification and inactivation manipu¬ 
lations on the ratio of d-galactoddase to a-mannosidase.*** The purification 
of alfalfa seed emulsin by fractional precipitation with tannin does not lead 
to a separation of jS-galactosidase and a-mannoddase (Table VI). But by 
adsorption on alumina a partial separation is obtained (Table VII). Still 
greater is the difference in resistance towards heat (Table VIII) and towards 
ultraviolet radiation (Table IX). 

*• M. Bridel, J. pkarm. ekim. [7] S4,209 (1921). 

** I. Vintilescu, C. N. lonescu, and M. Solomon, Bvl. Chitn. 8oe. RomAtu Chim. 20. 
115 (1938). 

** E. l^urquelot and H. Hdrissey, J. pkarm. ekim. |7| 7,110 (1913). 

•• H. Hdiiamy, Compt. rend. 172,760 (1921). 
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TABLE V 

Enitme Efficienct of. Alfalfa Sbbd Emulbiw To wards Diffbbbnt Gi.tco8idb8 
____ Enzyme efficiency 


Phenyl/9-D-galacto8lde. 0.177 

Phenyl JV-acctyl /9>D-gluco8aininide. 0.125 

Phenyl a-D-mannoside. q Id 

Phenyl a-D>galact 08 ide. 0.086 

Phenyl /S-D-ieorhamnoaide. 0.006 

Phenyl ^-n-glucoside. 0.003 

Phenyl a-n-glucoside. 0.0004 

Melibiose. o Ofu 

Lactose. 0.017 


TABLE VI 


Influence op Precipitation with Tannin on Ratio op /^-Galactosidase to 

a-MANNOSIDABB 


Step 

/S-Galactosidase 

a^Mannosidase 

E.e.« 

Weight X 
E.e. 

E.e. 

Weight X 
E.e. 

Crude enzyme. 

0.076 

0.133 

0.084 

0.151 

let precipitation. 

0.023 

0.010 

0.042 

0.019 

2nd precipitation. 

0.228 

0.126 

0.254 

0.139 

3rd precipitation. 

0.037 

0.004 

0.0 

0.0 


* Enzyme efficiency. 


TABLE VII 

Adsorption of /3-Galacto81Dasb and or-MANNOsiDASs on Alumina 

/^'Galactosidase: 


Preparation a-mannosidase 


Crude enzyme. 2.00: 1.26 

Solution after adsorption. 0.93: 0.60 

Eluate. 6.8 :12.3 


TABLE VIII 

Action or Heat on /3<Galacto8Idasb and ck-Mannosidabe 


Preparation 

Enzyme efficiency of 

Phenyl /9>galacto8ide 

Phenyl a>mannoside 

Crude enzyme solution. 

0.165 

0.105 

Heated 8 hr. at 45^. 

0.079 

0.101 

Heated 7 hr. at 45**... 

0.057 

0.095 

Heated 3 hr. at 60^ . 

0.0 

0.031 
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Coffee emulsin^* also resembles alfalfa emulsin with regard to the content 
of a-mannosidase. In almond emulsin a-mannosidase may be separated from 
iS-glucosidase by heating the enzyme solution for 40 hours to 45° at pH 
5.0.^ Hereby the jS-glucosidase action practically disappears whereas the 
a-mannosidase action is undisturbed. a-Mannosidase is, on the other hand, 
sensitive to the action of silver oxide or silver acetate, which, as shown by 
Helferich and Winkler,** causes an efficient purification of /S^glucosidase 
from almond emulsin. a-Mannosidase is practically destroyed by this treat¬ 
ment. 

The purification of almond emulsin /8-glucosidase with carboraffin 
(see Chapter 16) is not so effective towards a-mannosidase as towards /3- 
glucosidase. The enzyme eflSciency of the mannosidase increases from 0.10 
to 0.22, that of iS-glucosidase from 0.24 to 0.63. 

TABLE IX 

Action of Ultraviolet Radiation on ^-Galactosidase and a-MANNOSiDASS 


Preparation 

Enzyme efficiency of 

Phenyl /S-galactoside 

Phenyl a-mannoside 

Crude enzyme solution. 

0.147 

0.13 

Irradiated 20 min. 

0.132 

0.09 

Irradiated 40 min. 

0.102 

0.10 

Irradiated 80 min. 

0.102 

0.10 

Irradiated 160 min. 

0.062 

0.10 

1 


2. Specificity 

The specificity of a-mannosidase has been investigated only in a prelim¬ 
inary way. The sugar specificity has been outlined by Pigman** **; 
the enzyme will hydrolyze a-o-mannosides, a-o-lyxosides,** and, presum¬ 
ably, heptosides with a-D-mannose configuration at carbon atoms 2-5. As 
to the aglycon specificity, it is known that the enzyme efficiency toward 
phenyl a-n-mannoside is considerably greater than toward methyl a-D- 
mannoside. Here, too, there seems to be great resemblance to the more 
thoroughly investigated glycosidases mentioned above. 

3. Enzym.\tic Syntheses 

The synthetic properties of a-mannosidase have been investigated by 
H4ri88ey.**^“ a-Mannosidase is easily inactivated at high concentrations 

•• W. W. Pigman, J. Am. Chem. 8oc. S2,1371 (1940). 

H. H^rissey, Compt. rend. 178,1406 (1921). 

•* H. H^rissey, Compi. rend. 176, 779 (1923). 

*• H. H^rissey, Compt. rerui. 178,123,1372 (1924). 

H. H^riasey, BtUl. eoc. ehim. biol. 4 , 480 (1922). 

** H. H4riasey, Bull. eoe. ehim. biol. 5,501 (1928). 
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of the alcohol examined, so that solutions stronger than 10% cannot be 
used. The amount of a-mannoside in the equilibrium mixture at this alcohol 
concentration is only slight and in order to isolate the mannoside it is 
necessary to separate it from relatively great amounts of mannose. This 
is done by fermentation of the mannose by bakeryeast. 

IV. /S-Mannosidase 

In an investigation of the enzymes present in highly purified invertase 
preparations Adams, Richtmyer, and Hudson^® describe a hitherto unknown 
enzyme, /3-mannosidase, which is aUe to hydrolyse /3-mannosides but not 
a-mannosides. The new enzyme was found both in baker's and in brewer's 
yeast. The hydrolysis of phenyl /^T-D-mannoside was investigated; the en¬ 
zyme efficienc}^ towards /3-mannoside of the brewer's yeast enzyme was 2.1 
X 10“*, and of the baker's yeSLSt preparation 1.1 X 10 *, i.e., the hydrolyz¬ 
ing properties are just discernable. Attempts at purification of the enzyme 
or further investigation of its specificity have so far not been published. 

V. Thioglucosidase 

An enzyme capable of catalyzing the hydrolysis of naturally occurring 
thioglucosides has been known for a long time under the designation myro- 
sin, myrosinase, or sinigrase. These names were given because the best 
known substrate is the glycoside sinigrin (the potassium salt of myronic 
acid), present in the seeds of Sinapis alba and of many other Cruciferae. 

The enzyme myrosinase may be prepared*** by extraction for 1 hour of 100 g. finely 
milled seeds of *S, alba with SOO ml. water at room temperature, -\fter centrifuging, 
the liquid is precipitated with an equal volume of 90% ethanol and centrifuged once 
more. The precipitate is washed in the beaker with 70 ^g ethanol and again 
centrifuged. It is then suspended in 100 ml. water and after some 12 hours at room 
temperature filtered. The solution still contains small amounts of organically bound 
sulfate (sinapin), which is hydrolyzed by keeping it in the ice box for 3-4 days after 
addition of 1% toluene. The solution is then ready for use. The precipitation with 
alcohol may be repeated, but generally no purification is obtained, on the contrary, 
the solution loses somewhat in activity. Some plant protein may separate out during 
the first I or 2 weeks, but the solution is stable at pH 5-6, which is the pH of the solu¬ 
tion obtained in the method described. 

A dry preparation may be obtained by precipitation with ethanol. The 
vacuum-dried precipitate is said to be very stable. The isolation of thioglu¬ 
cosidase from sources other than Sinapis is described by Costa.The myro¬ 
sinase solution contains two different enzymes, a sulfatase, which hydrolyzes 
the ester linkage through which the sulfuric acid in sinigrin is bound, and a 
thioglucosidase, responsible for the splitting of sinigrin into allyl mustard 

*• M. Adams, N. K. Richtmyer, and C. S. Hudson, J, Am. Chem. Sac. 65, 1369 
(1943). 

•• C. Neuberg and J. Wagner, Biochem. Z. 174,457 (1926). 

O. A. Costa, Rep. quim. e farm Rio de Janeiro SI, 71 (1937); Chem. Absiracte 33 , 

4614 ( 1039 ). 
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oil aod glucose. The two ensymes are active over a very broad pH nmge 
(4.4 to 7.0), but the ensyme solution has its maximum stability at pH 5-6. 
The sulfatase is more stable than the thioglucosidase at about pH 3, but 
less stable than the thioglucosidase at an alkaline reaction (above pH 7). 

A separation of the two ensymes may be obtained by fractional precipita¬ 
tion with mercuric acetate.** •** When 0.05% mercuric acetate is added to the 
myrosinase solution a precipitate is formed which is isolated by centrifuga¬ 
tion and which by elution with phosphate gives an eluate with the ratio 
thioglucosidase:sulfatase of 20:100. Renewed addition of mercuric acetate 
precipitates only sulfatase and the centrifugate contains the thioglucosidase 
with only a trace of sulfatase. Adsorption on kaolin or ferric hydroxide, but 
not on aluminium hydroxide, also results in a change of the ratio thiogluco- 
aidase: sulfatase. 

For the standardization of thioglucosidase, sinigrin is used as standard 
substrate. According to Neuberg and SchOnbeck** a thioglucosidase unit is 
the quantity of enzyme (in mg.) which in 20 ml. of sinigrin solution con¬ 
taining 62.3 mg. sinigrin at pH 7.0 and at 40° in 1 hour hydrolyzes 35% of 
the sinigrin. 

The specificity of the thioglucosidase is very pronounced. The enzyme is 
able to hydrolyze only the naturally occurring mustard oil glucosides but 
not synthetically prepared thioglucosides. On the other hand, neither the 
mustard oil glycosides nor the thioglucosides are hydrolyzable by other 
known glycoeidases.** According to Pigman**-" thioglucosidase is a |8-gluco- 
mdase which presumably will be able to hydrolyze thioxylosides also. But 
it seems very unlikely that thioxylosides prepared by synthesis should be 
hydrolyzable. Only if naturally occurring mustard oil thioxylosides should 
be found it may be reasonable to assume that they will prove to be hydrolyz¬ 
able by the thioglucosidase. No further investigation of the specificity of 
thioglucosidase has bear reported, to the knowledge of the reviewer. Lack 
of sulwtrates opposes the investigation both of sugar specificity and of 
aglycon specificity. No investigation of the enzymatic synthesis of thio- 
glucoffides has been reported. 

Hofmann (Biochem, Z, 819, 522, 1949) was able to show that the discrepancy be- 
tween the results of Hofmann^^ and Veibel el was due to the fact that /9>gluco- 
sidase and ^-galactosidase are two different ensymes and that the latter is more 
firmly attached to the cell-walls than the former. Veibel plasmolysed the centrifuged 
yeast-cells without previously transforming them into a dry preparation, and only 
the not too firmly bound ensymes are liberated. Hofmann used so sharply centrifuged 
cells that they, by piasmolysis, behave as dry preparations, and in this case the firmly 
bound ensymes are liberated also. 

By repeating his experiments, isolating the ensymes once ad modum Hofmann and 
then a.m. Veibel, Hofmann was able to corroborate both his own and Veibel’s results. 

^ C. Neuberg and O. von Sehdnbeck, Naturwi$$en9ehaften 81,404 (1933). 

** C. Neuberg and O. von SohOnbeek, Biochm. Z. 865,223 (1933). 

««W. W. Pigman, Re$0areh Nail. Bur. Standardt 86,197 (1941), 



Chapter 18 
/S'Glucuronidase 


By william H. FISHMAN 

CONTENTS 

Page 

I. Introduction. 636 

11. Properties of Glucuronidases.637 

1. Occurrence. 637 

2. Substrates. 638 

3. Preparation of /^-Glucuronidase. 639 

4. Methods of Assay. 640 

а. Reduc time trie Methods.640 

б. Naphthoresorcinol Reaction . 641 

c. Aglucuronometric Methods. 642 

5. Factors Influencing Rate of Enzymatic Hydrolysis of Glucuronides.... 643 

а. pH.643 

б. Enzyme Concentration.644 

c. Substrate Concentration.644 

d. Effect of Temperature.645 

e. Observations on Crude Tissue Extracts . 645 

III. Physiological Role of ^-Glucuronidase. 646 

1. Effect of Extrinsic Factors. 646 

a. Administration of Drugs and Toxic Chemicals.646 

2. Relationships with Estrogen Metabolism. 648 

а. In Animals.648 

б. In Humans.649 

3. Mucin Metabolism. 649 

4. General Considerations. 650 

IV. Implications in Human Cancer. 651 

V. Summary. 652 

I. Introduction 

The enzymatic splitting of conjugated glucuronides was observed as early 
as 1905 by Neuberg and Niemann' who reported the hydrolysis of euxanthic 
acid and phenol glucuronic acid by emulsin. Other preparations of emulsin 
have been found to split Z-camphoglucuronic acid, by H&m&lainen,* syringa- 
glucuronic and vanillinglucuronic acids by Hildebrandt,* campho-and men- 

' C. Neuberg and C. Neimann, Z. Phye. Chem. 44» 114 (1905). 

< J. H&m&lainen, Skand. Arch, Phyeiol. 88t 297 (1910). 

• A. Hildebrandt, Hofmeieter Beitr. 7, 438 (1905). 
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thol glucuronic acids by Ishidate,^ baicalin by Miwa.^ In most cases the 
hydrolysis was not marked. 

Helferich and Sparmberg* concluded that emulsin (almonds) contained a 
glucuronide-splitting enzyme distinct from ^-glucosidase. The same con- 


TABLE I 

Distribution of /9-Gluguronidasb in Animal Tissues 


Organ 

Mouse 

Rat 

Rabbit 

Dog 

Ox 

Man 

Liver 

25 

26 

27 

13,28 

13 

22,20 

Kidney 

25 

26 

27 

13,28 

13 

20 

Spleen 

25 

26 

27 

13,28 

13,28 

20 

Lung 


26 


13 

13 

24 

Heart 



1 

13 

13 


Intestine 




13 

13 

22 

Pancreas 




26 

13 

22 

Seminal vesicle 

1 

26 





Stomach 






22* 

Prostate 


26 





Testis 

25 

26 


13,28 

13 


Ovary 

25 

26 


13,28 

13 

20 

Breast 






22 

Uterus 

25 

26 


28 

13 

22,20 

Endometrium 






22,20 

Thymus 





13 


Parotid gland 





13 


Adrenal 


26 

i 

13 

13 


Thyroid 


26 

13 1 

13 



Lymph nodes 






22 

Brain 





13 


Blood plasma 

16 




i 

19 

Blood serum 





1 

20 

White blood cells 






29 

Muscle 


26 





Placenta 






20 

Amniotic fluid 





1 

30 

Urine 

1 





30 

Tears 






29 

Body fluids 






31 

Saliva 






29 


elusion was reached by a number of authors whose work has been reviewed 
by VeibelJ Shibata^and later Miwa* *’'® investigated an enzyme, baicalin- 

* M. Lshidate, J. Pharm. 8oc, Japan 49 , 336 (1929). 

* T, Miwa, Acta Phyiochim, Japan, 9,89 (1936). 

* B. Helferich and G. Sparmberg, Z. Pkynol, Chem. 291, 92 (1933). 

^ 8. Veibel in Bamann>Myrb&ck, Die Methoden der Fermentforsohung. Vol. 2, 
Thieme, Leipsig, 1941, Academic Press, New York, 1945, p. ] 
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ase, which had the pronounced ability to hydrolyze baicalin, the glucuronide 
of 5,6,7-trihydroxyflavone. In its behavior, it differed in many important 
ways from emulsin jS-glucosidase and was characterized by a marked 
specificity for the oxyflavon glucuronides. Miwa® identified bacalein and 
glucuronic acid as the products of baicalin hydrolysis by baicalinase. 

The study of animal glucuronidases began with the work of Sera,^' Masa- 
mune^* and Oshima.^®-^^ In these studies animal /9-glucuronidase was estab¬ 
lished as an enzyme (distinct from /9-glucosidase) which accomplished the 
hydrolysis of a variety of glucuronides. Studies were made of the distribu¬ 
tion of the enzyme, its partial purification and its reaction-kinetics. 

Later Fishman^®extended these studies and demonstrated a relation¬ 
ship of /9-glucuronidase to estrogen action. Correlations of tissue /3-glu- 
curonidase activity with processes of cell proliferation have been found in 
Levvy’s laboratory^^*^® and interest in serum glucuronidase changes in hu¬ 
man pregnancy has arisen from the observations of Fishman^* and 
McDonald and Odell.*®* A recent development relates to the presence of 
enhanced amounts of /3-glucuronidase in human cancer tissues.*® ** ** *^ 

The references (Table I) indicate publications in which positive indica¬ 
tions of glucuronidase activity are given. With the use of the more sensitive 
methods, erythrocytes and platelets can be excluded as sources of glucu¬ 
ronidase. Oshima's negative results in some tissues should not be accepted 
until a search has been made with the methods now available. 

II. Properties of Glucuronidase 

1. Occurrence 

In plants, /3-glucuronidase activity has been found in roots of ScuieUaria 
baicalensis^’^^^ and in various emulsin preparations.^""^ A more widespread 
distribution has been reported in animal tissues (Table I). Certain mucases 


' K. Shibata, Acta Phytochim. Japan 1,105 (1923); 6,117 (1930). 

• T. Miwa, Acta Phytochim. Japan 8» 231 (1935). 

T. Miwa, Acta Phytochim. Japan 9, 89 (1936). 

“ Y. Sera, Z. physiol. Chem. 92, 261 (1914). 

H. Masamune, J. Biochern. Japan 19, 353 (1934). 

G. Oshima, J. Biochern. Japan 20,361 (1934). 

** G. Oshima, J. Biochern. Japan 23,305 (1936). 

W. H. Fishman and L. W. Fishman, J. Biol. Chem. 162,487 (1944). 

»• W. H. Fishman, J. Biol. Chem. 7, 159 (1947). 

L. M. H. Kerr and G. A. Levvy, Nature 160,463 (1947). 

G. A. Levvy, L. M. H. Kerr, and J. G. Campbell, Biochern. J. 42,462 (1948). 
W. H. Fishman, Science 106, 646 (1947). 

D. F. McDonald and L. D. Odell, /. Clin. Endocnnol. 7, 535 (1947). 

L. D. Odell and D. F. McDonald, Am. J. Obatet. Gynecol. 66,1 (1948). 

*• W. H. Fishman and A. J. Anlyan, Science 106,66 (1947). 

« W. H. Fishman and A. J. Anlyan, J. Biol. Chem. 169,449 (1947). 

W. H. Fishman, A. J. Anlyan, and E. Gordon, Cancer Eeecarch 7,808 (1947). 
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(see chapter on mucopolysaccharides) of animal and bacterial origin may 
contain glucuronidases. 

The following generalizations seem justified from the data which have 
appeared on the mouse, rat, rabbit, dog, ox, and man. Spleen appears to be 
consistently the richest source of the enzyme, with liver and many of the 
endocrine tissues exhibiting marked activities. With the more sensitive 
methods now available, it is usually possible to demonstrate iS-glucuronidase 
activity in all fresh tissues including blood, urine, white blood cells, tears, 
and skeletal muscle. This extremely wide distribution and enhanced con¬ 
centration in endocrine tissues are two facts which deserve attention with 
regard to considerations of its physiological role. 

2. Substrates 

Two substrates, baicalin (5,6,7-trihydroxyflavone glucuronide) and scu- 
tellarin (4',5,6,7-tetrahydroxyflavone glucuronide) were hydrolyzed by 
baicalinase, which surprisingly did not hydrolyze menthylglucuronic acid. 
On the other hand, emulsin, which has been found by several investigators^*”* 
to hydrolyze a variety of conjugated glucuronides, did not split* baicalin or 
scutellarin. These findings point to the aglucuron radical as an important 
factor in determining enzyme-substrate specificities. 

/J-Glucuronidases prepared from animal tissues have been found to hy¬ 
drolyze the glucuronides of orcinol,** phloroglucinol,*® menthol,** ** " 
phenol,** " bomeol,**'" i3-naphthol,** phenolphthalein,**" pregnanediol," 
l-o-hydroxyphenylazo-2-naphthol,** 8-hydroxyquinoline,** and estriol.** 
The following substances were not attacked by /3-glucuronidase: a-men- 
thyl-glucuronic acid,** /3-menthyl glucoside,** /3-phenyl glucoside,** " a- 
and i3-methyl glucosides,** a-menthyl glucoside,** salicin," and cellobiose." 
The conclusion seems justified that the presence of the terminal carboxyl 
group on position 6 appears to be the important factor in determining a 
specificity which is markedly different from that of /3-glucosidase. 

Three substrates, L-menthyl glucuronide, phenyl glucuronide, and phe- 
nolphthalein glucuronide have come into wide use for measuring animal 
/3-glucuronidase activity. In these, it should be noted that the nature of the 
aglucuron and its linkage differ. Thus, in menthyl glucuronide, glucuronic 

** W. H. Fishman, J. Biol, Chem. 136, 229 (1940). 

•• P. Talalay, W. H. Fishman, and C. Huggins, J, Biol. Chem, 166,757 (1946). 

^ G. T. Mills, Biochem, J, 40,283 (1946). 

•• W. H. Fishman, J, Biol. Chem. 127,367 (1939). 

** W. H. Fishman, B. Springer, and R. Brunetti, J, Biol. Chem. 178,449 (1948). 

• L. D. Odell, W. H. Fishman, and W. R. Hepner, Science 106, 355 (1948). 

»» A. J. Anlyan and W. H. Fishman, Bull. Am. Coll. Surgeone 32, 262 (1947). 

** L. M. H. Kerr, A. F. Graham, and G. A. Levvy, Biochem. J, 42,191 (1948). 

** A. A. Di Somma, J. Biol. Chem. 183,277 (1940). 

N. B. Talbot, J. A. Ryan, and J. E. Wolfe, J. Biol. Chem. 101,607 (1943). 

» J. 8. FHedenwald and B. Pecker, J. CeJMnr Como. Phyeiol. 31,3CB (19^). 

•• A. F. Graham, Biochem. J. 40, 603 (1946). 
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acid is connected by a i^-glucosidic linkage to a saturated cyclic terpene 
alcohol, in phenyl ^lucuronide to an unsaturated benzenoid phenol, and 
in phenolphthalein to a diphenol of larger molecular size than the other 
two. How important these differences may be in influencing the enzyme 
speciflcity and reaction rates remains to be determined. 

3. Preparation of /3-Glucuronidase 

Baicalinase^ was extracted from finely cut roots of Scutellaria haicalensis 
with five times its weight of 70% glycerol for 3 days. The filtrate was made 
weakly acid and the enzyme was adsorbed by kaolin and eluted from it 
with ammonia. Data on the degree of purification achieved are lacking. 

The preparation of /^-glucuronidase from animal tissues was first described 
by Masamune'^ and was improved by Oshima.^^ Briefly, autolysis of ox 
spleen or kidney liberated the enzyme which was precipitated with ethanol. 
Extraction of the enzyme from this precipitate was made with water. After 
a second alcohol treatment, the enzyme was concentrated in vacuo and 
filtered. It was adsorbed by kaolin at pH 3.6 and eluted with phosphate 
and dialyzed. While active extracts of the enzyme were obtained which 
permitted the study of some of its properties, the method of preparation 
was accompanied by large losses in activity and had other disadvantages. 
Difficulty in repeating these preparations was encountered.^ 

Fishman^ introduced two steps, an isoelectric precipitation at pH 5.0 
and an ammonium sulfate fractionation procedure, which have been applied 
with success to the purification of the enzyme. By eliminating the autolysis 
procedure and other steps which were not essential, the process of preparing 
/3-glucuronidase has been made much more convenient. The process gave a 
140-fold purification of the enzyme. The use of acetone as an enzyme pre¬ 
cipitant and of long periods of evaporation were steps which have been 
deleted in a simplified process described later.®^ Both Graham** and Mills** 
found that the use of acetone was helpful in the initial treatment of the 
tissue pulp but \vas definitely deleterious in later stages. Graham** defined 
the conditions of pH and of ammonium sulfate concentration required for 
fractionation and concentration of /3-glucuronidase, while Mills*® drew atten¬ 
tion to the temperature as an important limiting factor governing the pre¬ 
cipitation of the enzyme. Graham’s procedure resulted in a product (puri¬ 
fied 315-fold) which contained at least two components with closely similar 
electrophoretic mobilities. 

By selecting conditions of pH, temperature, and ammonium sulfate 
concentration, Mills was able to separate tvro protein fractions termed /3-glu¬ 
curonidase I and /3-gIucuronidase II \vhich bad different pH optima. Thus, 
/3-glucuronidase I exhibited a pH optimum of 4.5 with the substrates 
L-menthyl glucuronide, phenyl glucuronide, and phenolphthalein glucu- 

” W. H. Fishman and P. Talalay, Science 106, 131 (1947). 

•• G. T. Mills, Biocktm. J. 43,125 (1948). 
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ronide; /^-glucuronidase II had a pH optimum of 5.0 with L-menthly gJucu- 
ronide, of 5.2 with the glucuronides of phenol and phenolphthalein. The 
conditions employed by Fishman and Graham eliminated one of these 
protein components so that their purified preparations probably contained 
only one jS'glucuronidase. 

4. Methods of Assay 
a. Reduetitnelric 

The aldehyde group of glucuronic acid is liberated during the hydrolysis 
of the glucosidic linkage of the substrate, increasing the reducing power of 
the digest. On the basis of this reaction Masamune'^ had measured the 
hydrolysis** of the glucuronides of bomeol, menthol, phenol, /3-naphthol, 
and phloroglucinol. In the case of the last three compounds, it was neces¬ 
sary to remove the liberated aglucuron from the digest by extraction with 
organic solvents because of its reducing properties. The validity of the 
reductimetric methods was established by Miwa,* who isolated from a 
baicalinase hydrolysate chemically pure baicalein and glucuronic acid in 
amounts which left no doubt that these were the products of hydrolysis. 
Masamune** estimated simultaneously the menthol and glucuronic acid 
liberated by the enzymatic hydrolysis of menthylglucuronic acid and found 
that they were equivalent. This excluded the possibility of a nonhydrolytic 
decomposition of the substrate. Lewy**-*' prepared the dibenziminazole 
derivative of saccharic acid after oxidizing glucuronic acid which had been 
separated from an enzymatic hydrolysate of menthylglucuronic acid. The 
ceric sulfate titration method for ^ucose of Miller and Van Slyke** as 
adapted by Fishman**'** to the measurement of glucuronic acid has been 
generally employed for the purpose of measuring the increase in reducing 
power of /3-glucuronidase digests. Units were usually expressed on the basis 
of milligrams glucuronic acid liberated per gram tissue or volume of fluid 
per hour. 

Levvy** proposed the use of the Conway microburet in the cerimetric 
determination of 10-300 7 glucuronic acid in protein-free filtrates prepared 
with copper tungstate and barium carbonate reagents. Criticism was 
directed at the use of trichloroacetic acid as a protein precipitant and of 
phenolphthalein as an indicator in neutralizing the protein-free filtrate. 

Mills** found that Levvy’s alkaline copper tungstate deproteinization 
technique was unsatisfactory at a pH less than 4 . 6 . He recommended the 
retention of Fishman’s trichloroacetic acid deproteinization with the addi- 

** H. MasamuDe, J. Bioehem. Japan IS, 259,277 (1033). 

« O. A. Lewy, Nature ISO, 64 (1947). 

» G. A. Lewy, Bioehem. J. 43 . 2 (1948). 

'** B. F. Miller and D. D. Van Slyke, J. Biol. Chem. 114,583 (1986). 

» O. A. Lewy, Bioehem. J. 40, (1946). 
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tion of excess sodium carbonate, which eliminated the use of an acid-base 
indicator. The details of Mills* method** are given below: 

Acetate buffer (0.2 Af, 1.0 ml.), 0.5 ml. 0.02 M L-menthyl glucuronide solution (pH 
5.0), and 0.5 ml. of a suitable dilution of the enzyme solution are incubated in 15 ml. 
centrifuge tubes for 2 hours at 38°. The reaction is then stopped and protein removed 
by the addition of 1 ml. 20% trichloroacetic acid followed by centrifugation; 2 ml. of 
the supernatant fluid is transferred to 4 X 5/8 in. Pyrex tubes and 1 ml. 10% NatCOi 
solution followed by 1 ml. alkaline ferricyanide solution added. The tubes are closed 
vith glass bulbs, heated in a boiling water bath for 15 minutes, and then cooled in 
running water. Sulfuric acid (18 N, 0.25 ml.) is added, followed by a drop of 0.05% 
Lissamine green solution, and the mixture titrated with 0.01 N ceric sulfate solution 
using a 2 ml. microburet. Stirring is performed by a slow stream of nitrogen and a day> 
light lamp is used during the titration. 

The limitations of the reductimetric method are these: (a) the increment 
in reducing power must be large compared to the control because of the 
presence of significant amounts of reducing substances ia tissue extracts. 
This necessitates the undesirable use of very long incubation times in the 
case of tissues with low enzymatic activities. (6) The possibility exists that 
the tissue extracts contain other enzymes which split their specific naturally 
occurring substrates, liberating reducing groups. False high values may 
be obtained therefore if heat-inactivated controls are used exclusively, 
(c) If the controls are composed of enzyme and buffer without added sub¬ 
strate, preformed glucuronides in the tissue extract may provide substrate 
which can be split. However, substances giving the naphthoresorcinol 
reaction*^ were absent in tissue extracts incubated in the absence of sub¬ 
strate. 


6 . Naphthoresorcinol Reaction 

The Tollens naphthoresorcinol reaction has been applied by Florkin** ** 
to the study of the enz 3 anatic synthesis of bomeol glucuronide. In his 
technique, free glucuronic acid was removed quantitatively from the digest 
by a ‘‘desugaration’* with cupric sulfate and calcium hydroxide, and the 
conjugated glucuronic acid in the filtrate determined by means of the 
Tollens reaction. 

Lewy** has utilized the naphthoresorcinol method for measuring glu¬ 
curonic acid remaining in digests from which the conjugated glucuronic 
acid has been removed by continuous liquid-liquid extraction with diethyl 
ether. 

In general, the naphthoresorcinol methods are not as convenient nor as 
free of technical limitations as are the reductimetric or aglucuronometric 
procedures. Nevertheless, they avoid some of the difficulties attached to 

M. Florkin and R. Crismer, Bull. acad. roy. mW. Bslg. 6,60 (1940). 

* M. Florkin, R. Criamer, O. Duchateau, and R. Houet, Ensymologia 10, 220 
(1042). 
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the preparation of proper controls since the color reaction is rather specific 
for glucuronic acid. Their use should be continued. 

c, Aglttcuronomeiric Methods 

The measurement of the nonglucuronic acid moiety (aglucuron) liberated 
in the course of enzymatic hydrolysis of conjugated glucuronides offered 
another approach to the assay of /3'glucuronidase activity. Basing their 
method on the observations of Di Sommaconditions were described by 
Talalay, Fishman, and Huggins*® for the assay of /9-glucuronidase using 
phenolphthalein /9-gIucuronide as the substrate. It was found that the 
glucuronide has only 0,18% of the light absorption of free phenolphthalein 
at 552 myL which made it possible to determine the phenolphthalein lib¬ 
erated by enzymatic hydrolysis with negligible interference from the 
presence of substrate. This method is very sensitive since quantitative 
measurements can easily be made of a few micrograms of phenolphthalein. 
This made it possible to reduce the time of incubation very considerably, 
a step which is desirable for reasons of theoretical nature and of convenience. 
Since phenolphthalein is not found in animal or plant tissues, one avoids 
having to make two measurements, a procedure in which errors may be 
magnified. In applying the method to preparations which were either 
turbid or which absorbed light near 552 m/ix, a deproteinization step was 
foimd necessary. The following procedure is now widely used: 

Into two Wassermann tubes were pipetted 0.1 cc. /S-glucuronidase-containing solu¬ 
tion, 0.8 ml. 0.1 M acetate buffer (pH 4.5), and 0.1 ml. 0.01 M phenolphthalein glu¬ 
curonide. A third Wassermann tube containing the enzyme and buffer but not the 
substrate served as the control. The digests were then incubated at 38° and the time 
recorded. The length of the incubation period varied between 1 to 5 hours for tissues 
depending on the dilution of the enzyme; for blood plasma, serum, and cells between 
15 and 24 hours. When the enzyme aliquot was neither turbid or colored, the reaction 
was stopped and phenolphthalein color developed by adding the following reagents in 
the order given: glycine buffer (pH 10.4) 2 ml., sodium hydroxide solution (0.5 N) 0.5 
ml., trichloroacetic acid (5%) 1 ml., distilled water 1.5 ml. No protein precipitate 
appears. When the enzyme solution was turbid or pigmented, the reagents are added 
in the following order: trichloroacetic acid (I.O ml.) (the protein precipitate is cen¬ 
trifuged off and washed at least three times in small amounts of distilled water to 
remove adsorbed phenolphthalein; the supernatant and washings are combined), gly¬ 
cine buffer (pH 10.4) 2 ml., and sodium hydroxide solution (0.5 iV, 0.5 ml.). The 
phenolphthalein was measured photocolorimetrically and the results expressed as 
micrograms phenolphthalein liberated per gram tissue per 100 ml. fluid per hour. 

Kerr, Graham, and Levvy** successfully applied the method of King and 
Armstrong" for phosphatase determination to the assay of /S-glucuronidase, 
unng biosynthetic phenyl glucuronide as substrate. The value of the con- 

L. M. H. Kerr, A. F. Graham, and O. A. Lewy, Bioehtm. J, 4S, Ifll (1948). 

” E. J. King and A. R. Armstrong, J. Can. Med. Aeeoc. 81,376 (1984). 
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trol incubfttod without substrRto was kept to & low figure by first psrti&illy 
purifying the enzyrfie. 

Preparations from mouse tissues were partially purified according to the method 
of Fishman and Talalay*' and 0.4 ml. of the extracts were added to 0.2 ml. 0.1 M citrate 
buffer (pH 6.2) and 0.2 ml. 0.06 M phenyl glucuronide. After incubation for 1 hour at 
37®, 2 ml. of the diluted Folin-Ciocalteu reagent were measured into the tube. Protein 
was removed by centrifuging for 3 minutes, and 2 ml. supernatant transferred to a 10 
ml. stoppered centrifuge tube containing 4 ml. sodium carbonate solution. The con¬ 
tents of the tube were mixed and the color developed by incubating for 20 minutes at 
37®. Every assay was controlled by incubating mixtures of enzyme and buffer con¬ 
taining 0.2 ml. water in place of substrate. A small rise in the blank occurs during in¬ 
cubation. 

The assay of tissue i3-glucuronidase by the use of any of the above meth¬ 
ods requires the consideration of a number of important factors. One must 
choose the extent of treatment of the tissue homogenate—whether to 
assay the crude homogenate, its supernatant, or a purified solution ob¬ 
tained after ammonium sulfate fractionation. The dilution of the homog¬ 
enate is also important. The optimum pH of hydrolysis should be 
determined once for each tissue prior to its study in order to deal with the 
presence perhaps of two or possibly more glucuronidases, as pointed out 
by Mills** and Kerr.** While the full significance of these considerations is 
not yet completely known, it would seem most important that in all bio¬ 
logical experiments, such as tho.se discussed in this chapter, the conditions 
be made identical as far as possible and be limited to the study of the effect 
of one variable at a time. 

In the assay of blood /^-glucuronidase, reductimetric methods are not 
suitable, as pointed out by Talalay et al.’^ The naphthoresorcinol reaction 
has apparently not been applied to the determination of blood /3-glucuroni- 
dase. Aglucuronometric methods seem best suited and reports have 
appeared in which blood jS-glucuronidiise activity was measured with 
phenolphthalein glucuronide as the substrate. Precautions are necessary to 
prevent errors due to excessive buffering capacity of plasma, turbidity in 
the final digests, and adsorption of phenolphthalein in the protein 
precipitate. 

5. Factors Influencing Rate of Enzymatic Hydrolysis of 

Glucuronidbs 

a. pH 

In all instances examined so far, the enzymes hydrolyzing jS-glucuronides 
have their optimum pH in the acid range. Emulsin has its optimum for 
menthyl glucuronide at pH 4.0 and that of spleen /9-glucuronidase is 5.0, a 
point of difference in the two enzymes. Attention is again drawn to the 

L. M. H. Kerr and G. A. Levvy, Nature 162.219 (1948). 
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observations of Milh (Table II) who found two proteins in spleen with 
/^•glucuronidase activity with consistently different pH optima for three 
substrates. As a rule, the pH activity curves fall off very s^rply on either 
side of the optimum. 


TABLE II 

/J-Glucubonidases akd their pH Optima 


Ensyme 

Source 

Substrate 

i pH Op¬ 
timum 

Reference 

Baicalinase 

Scutellaria 

Baicalin 

6.0 

Miwa* 


baicalen- 

eii 

Scutellarin 

5.7 

Miwa* 

Exnulsin 

Almonds 

Menthyl glucuronide 

4.0 

Masamune^* 

/^-Glucuronidase 

Ox kidney 

Menthyl glucuronide 

5.3 

Masamune** 


Ox kidney 

Phenyl glucuronide 

5.3-5.6 

Masamune^* 


Ox spleen 

Menthyl glucuronide 

5.0-5.2 

Oshima** 


Ox spleen 

Menthyl glucuronide 

5.0 

Fishman^* 


Ox spleen 

Bornyl glucuronide 

4.4 

Fishman** 


Ox spleen 

Estriol glucuronide 

4.3 

Fishman** 


Ox spleen 

Phenyl glucuronide 

4.5-5.2 

Kerr el al** 


Ox liver 

Phenyl glucuronide 

4.5-5.2 

Kerr el al** 


Pooled 

Phenolphthalein glu¬ 

4.5 

Talalay el a/.** 


tissues 

curonide 



/9-Glucuronidase I 

Ox spleen 

Menthyl glucuronide 

4.5 

Mills** 


Ox spleen 

Phenyl glucuronide 

4.5 

Mills** 


Ox spleen 

Phenolphthalein glu¬ 

4.5 

Mills** 



curonide 



/^-Glucuronidase 

Ox spleen 

Menthyl glucuronide 

5.0 

Mills** 

II 

Ox spleen 

Phenyl glucuronide 

5.2 

Mills** 


Ox spleen 

Phenolphthalein glu¬ 

5.2 

Mills** 



curonide 




b. Enzyme Concentration 

The enzymatic hydrolysis of /S-glucuronides has been shown to be a 
linear function of enzyme concentration for the hydrolysis of bomyl glu- 
curonide,^* baicalm,* phenolphthalein glucuronide,’* and phenyl glucu* 
ronide.** 


c. Substrate ConcentrcAion 

The relation of the initial velocity of hydrolysis to substrate concentra¬ 
tion was shown by Fi shm a n * to proceed linearly to a maximum velocity 
in the case of menthyl, bomyl, and estriol glucuronides. Similar findings 

*• W. H. FishnuuB, J. Biol. Chem. m, 226 (1930). 
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were made for phenolphthalein gluciironide by Talalay et al^ and for 
phenyl gluciironide by Kerr ei al.^ Michaelis constants have been reported 
and are listed in Table III. 

Both estriol and phenolphthalein glucuronides have a relatively marked 
affinity {1/Km) for the enzyme as compared to the values for the other sub¬ 
strates listed. It may be relevant that these two conjugated glucuronides 
have functional groupings in another portion of the aglucuron moiety. Per¬ 
haps these serve as points of attachment to the active surface of the en¬ 
zyme protein. 

Inhibition by excess substrate was noticeable in the case of estriol glu- 
curonide^ and marked for phenyl glucuronide/® the curves for the latter 
being somewhat anomalous. 


TABLE III 

Michaelis Constants Observed in the Enzymatic Hydrolysis op 

j3-GLUCURONIDES 


Glucuronide of 

iCm 


Author 

Estriol. 

0.0005 

2000 

Fishman^* 

Borneol. 

0.01 

100 

Fishman^* 

Menthol . 

0.004 

250 

Fishman^* 

Phenol. 

Phenolphthalein. 

0.0035 

0.00005 

286 

20,000 

Kerr« 

Talalay** 


d. Effect of Temperature 

For baicalinase, Miwa^® found various temperature coefficients (Qio) 
depending on the temperature range. Thus, Qio was 1.42 for the range 
30-40®, 1.17 for 40-50®, and 1.01 for 50-60®. Masamune'* reported that 
^-glucuronidase was inactivated at 70®. Oshima^* reported a Qio value of 
2.66 for the temperature range 20 to 50® (spleen /S-glucuronidase acting on 
menthyl glucuronide). 

€. Observations on Crude Tissue Extracts 

Masamune'^ and Oshima'* reported that the yield of enzyme was in¬ 
creased considerably when minced spleen was autolyzed at 38® for a period 
of days. In both papers, no record of controls can be found. Upon repeating 
these experiments using the difference in reducing power between heat 
inactivated controls and the experimental digests, Fishman*® found no 
change in the amount of enzyme present after 1 hour or 5 days of autolysis. 
Obviously, in autolyzates large amounts of reducing material are present 
which are not derived from the hydrolsrsis of the substrate. These inter- 

W. H. Fishman, Thesis, Univ. Toronto (1939). 
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fering substances are eliminated by purification with ammonium sulfate 
fractionation. 

According to Graham,an enhancement of crude spleen /^-glucuronidase 
activity did take place with autolysis, but dialysis was required to demon¬ 
strate this effect. No evidence in the dialyzate of an inhibitor was observed. 
He also found an increase in dialyzable reducing material in the digests 
without substrate. 

An increase in reducing power takes place when blood plasma has been 
incubated in the absence of added substrate." The nature of the reactions 
which manifest themselves in this increase in reducing power in the absence 
of substrate is unknown. The possibility of mucopolysaccharide hydrolysis 
suggests itself. 

On the basis of the action of /3-glucuronidase upon estriol glucuronide, 
Fishman^® proposed conditions for the application of /3-glucuronidase in 
lieu of strong mineral acid to the hydrolysis of urinary steroid glucuronides. 
Success in the use of rat liver preparations for this purpose was reported 
in the case of pregnanediol glucuronide*^ and of a mixture of the glucu¬ 
ronides of pregnanediol, pregnanetriol and various ketosteroids.*^ Bacterial 
glucuronidase*^'•* preparations were successfully applied to the hydrolysis 
of the glucuronides of estrogens, ketosteroids, and corticosteroids in previ¬ 
ously untreated urine. 

HI. Physiological Role of /3-61ucuronidase 

1. Effect of Extrinsic Factors 
a. Adminisirolion of Drugs and Toxic Chemicals 

Fishman** observed an increase in the /3-glucuronidase activity of liver, 
kidney, and spleen but not of ovary, uterus, and pancreas in dogs fed bor- 
neol. A similar finding was made in mice receiving menthol. On the basis 
of the assumption that the synthesis of glucuronides was being catalyzed 
by /3-glucuronidase, it was suggested that the increase in enzyme activity 
might have been due to an adaptation of /3-glucuronidase to its substrate in 
a manner analogous to the increase in enzyme found in the substrate adap¬ 
tation of bacterial enzymes. Oshima** earlier considered that the enzyme 
was accelerating the synthesis of conjugated glucuronic acids in the animal 
body and suggested that the reason the tissues of the dog contained more 
/3-glucuronidase than those of the ox was due to the greater ability of 
herbivorous animals to detoxicate alcohols as compared to carnivorous 
ones. 

Florkin** and associates were able to demonstrate the in vitro synthesis 
of bomylglucuronic acid in a system containing purified /S-glucuronidase,** 
buffer, bomeol, and glucuronic acid in four instances tested. The evidence 
indicated this to be an enssrme catalyzed condensation. Although the 
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amount of glucuronide synthesized was small and the time of incubation 
long, this evidence of synthesis cannot be dismissed in considerations of 
the physiological role of jS-glucuronidase. 

Levvy^^'^* and his group have confirmed Fishman’s findings for mice 
fed menthol in the liver and kidney but not in the spleen. Administration 
of chloroform, carbon tetrachloride, mercuric nitrate, yellow phosphorus, 
phenylarsenoxide, uranyl acetate, menthyl glucuronide, and sulfathiazole 
caused changes in /3-glucuronidase in the liver or kidney in an analogous 
fashion to menthol. Levvy observed the occurrence in these tissues of cellular 
proliferation and repair processes which took place in the organs damaged 
by menthol and the other toxic agents studied. He has suggested, therefore, 
that the increased /3-glucuronidase activity observed was not related to 
its glucuronidogenic property but was related secondarily to the processes 
of cell division. De Meio and Amolt^^ observed that, if the phenol and 
bomeol are fed to rats, phenol conjugation increases as measured in vitro 
in surviving slices of liver and kidney. Monoiodoacetic acid inhibited 
phenol conjugation, which was re-established by the addition of glucuronic 
acid but not of lactate. After cyanide inhibition or under anaerobic con¬ 
ditions, glucuronic acid does not re-establish conjugation. They have sug¬ 
gested the possibility that glucuronic acid combines directly with phenol 
to form the conjugate, which, however, is dependent upon a coupled reac¬ 
tion requiring the integrity of the cell and the presence of oxygen. The 
picture has become somewhat confused by De Meio’s later observations®* 
of genetic strain differences in the degree and type of phenol conjugation. 
It would be very desirable that this be reinvestigated using a substance 
(other than phenol) whose conjugation was limited only to glucuronic 
acid. 

Mills** found that in the rabbit the normal output of glucuronic acid and 
the per cent conjugation of L-menthol with glucuronic acid were both 
increased for the first two weeks after splenectomy. Normal values were 
found by the fourth week. On the basis of the work of Talbot et al.y^ who 
vrere successful in preparing a /3-glucuronidase from rat liver but not from 
rat spleen which would hydrolyze pregnanediol glucuronide, Mills was 
led to believe that the function of the liver and spleen enzymes were dif¬ 
ferent. Accordingly, he explained the increased urinary menthyl glucuronide 
following splenectomy as due to the absence of an organ (spleen) with 
marked glucuronide hydrolyzing power. The failure of Talbot et aL to 
obtain active spleen /3-glucuronidase cannot be accepted as evidence of a 
functional difference specific to the spleen enzyme in view of the many 
observations of others (Table 1) showing similar hydrolytic activities for 
spleen and liver. In Mill’s experiments, it is possible that there may have 

•> R. H, De Meio and R. I. Arnolt, J. Biol. Chem. 166, 577 (1944). 

•• R. H. De Meio, Arch. Biochem. 7,323 (1945). 
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taken place a physiological compensatory process following splenectomy 
(perhaps a change in renal leabsorptive capacities for menthyl glucuronide) 
which was reflected by the urinary increase in conjugated glucuronides. 

2. Relationships with Estbooen Metabolism 
a. In Animals 

Fishman and Fishman^* in 1944 reported that uterine d-glucuronidase was 
reduced in mice following castration. The injection of estrogenic hormones 
into ovaiiectomized mice resulted in an increase in the concentration of 
jS-glucuronidase in the uterus but not in the liver. No change in enzyme 
concentration in both organs followed the injection of progesterone, preg- 
nanediol, sodium pregnanediol glucuronide, bomeol, and menthol. Later, 
Fishman** found that the fl-glucuronidase response could be elicited by 
amounts of estrogens well within the physiological range. Stilbestrol was 
also as effective as the natural estrogens. Testosterone propionate did not 
counteract the stimulation of uterine glucuronidase by estrogens. From the 
relationship of enzyme activity to uterine nitrogen in these experiments it 
was deduced that the enzyme response to hormones was a physiologically 
significant one and not a result merely of the formation of more cell proto¬ 
plasm per se. It was hypothesized that the enzyme synthesized the glu¬ 
curonide of the hormone as the initial step in its utilization by the tissue. 
The possibility was pointed out, in another study,** that under special 
circumstances hydrolysis of glucuronides in vivo may take place in tissues 
with probably important biological consequences. 

Kerr and Lewy** confirmed Fishman’s findings with regard to the fall 
in uterine d-glucuronidase following ovariectomy and its response to 
the subsequent injection of estrone. In addition it was demonstrated 
that the uterine enzyme had an optimum pH of 4.5 (substrate, 
phenyl glucuronide). Lewy el al.^* found greater fl-glucuronidase activity 
in spleen, liver, and kidney in young mice (1 to 15 days) than in normal 
adults. Following hepatectomy, the regenerating liver was found to contain 
large amounts of d-glucuronidase. According to Lewy these changes and 
those seen in tissue following administration of extrinsic agents are asso¬ 
ciated with processes of ceil poliferation. 

Odell el al*'* foimd infants’ blood plasma to contain more j9-glucuronidase 
than maternal blood. Kerr el al.** very recently discovered an elevated 
enzyme activity in mouse liver after administration of estrone. This was 
observed in castrated males and females, normal males, but not in normal 
females. In the livers of the rats jpven estrone, active mitosis was seen but 
no evidence for tissue damage was found. One week after injection of chlo¬ 
roform into ovariectomized mice, there occurred increases in uterine weight 

••L. M. H. Kerr, J. Q. Campbell, and O. A. Lewy, Biochem. J. M. 487 (1940). 

** H. L. Mason and E. J. Kepler, J. Biol. CKem. 181, 236 (1046). 
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and ^-glucuronidase activity which were found to be secondary to liver 
regeneration. These results were explained on the basis of a hitherto unsus¬ 
pected production of an extraovarian growth hormone for the uterus. 

From the data of Fishman and of Lewy, the conclusion seems warranted 
that ^-glucuronidase is indeed closely related to estrogen metabolism in the 
mouse. It is too early to draw final conclusions with respect to the exact 
role of the enzyme in this relationship. Perhaps, as Fishman suggests, it 
participates in the conjugation of the hormone as it exerts its physiological 
action or it may be that, according to Lewy, its alterations are a mani¬ 
festation of one or more process of cell division which results from estrogen 
action, independent, however, of any synthetic activity of /^-glucuronidase. 
At present, both of these working hypotheses possess great usefulness in 
the planning of experiments. They should be either retained, modified, or 
abandoned in the future as new information becomes available. 


6 . In Humans 

With a view to exploring a possible relationship of /S-glucuronidase to 
estrogen metabolism in the human, Fishman® studied the blood jS-glucu- 
ronidase during pregnancy. The plasma level was correlated with the events 
of pregnancy exhibiting high values before parturition. McDonald and 
Odell,*® using the methods of Talalay et al}^ made similar observations and 
found that cord blood was lower in /3-glucuronidase activity than was 
maternal blood. 

Odell and McDonald*^ extended their observations to pregnant women 
with diseases of pregnancy and frequently encountered extremely high 
values in women who later developed eclampsia. Fishman^® found that the 
elevated serum /3-glucuronidase could be made to persist by the postpartum 
administration of stilbestrol.®® 

Values for human breast tissue (lactating) and human placenta were 
moderately high (Table I). Changes in/3-glucuronidase of human endo¬ 
metrium were related with the events of the menstrual cycle, suggesting 
hormonal control.*® The uterus and vagina of women after the menopause 
exhibited very low /S-glucuronidase activities.*® 


3. Mucin Metabolism 


Circumstantial evidence for the most part points to a role of /S-glucuroni¬ 
dase in mucin metabolism. The occurrence of /S-glucuronidase in the mucous 
secretions*® and its presence (as demonstrated histochemically®*) in the 
secreting glands is suggestive. In addition, Meyer ei oi.** observed that 


•• W. H. Fishman, L. D. Odell, J. E. Gill, and R. A. Christensen, Am. J. ObtUi. 
OynecoL 09, 414 (1950). 

•• L. D. Odell and W. H. Fishman. Am, J, Ohstet. Gynecol. 59, 200 (1950). 

” K, Meyer, E. Chaffee, G. L. Hobby, and M. H. Dawson, J. Exptl. Med. 73, 309 

(IMl). 
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qileen /S-glucuronidase did (in one case) hydrolyze hyaluronic acid. A rela¬ 
tionship between estrogen action, edema, and tissue mucin has been sug¬ 
gested** and this field would seem to hold much promise for future investi¬ 
gation. 


4. General Considerations 

In the first experiments** • ** on the physiological role of the enzyme, 
the data were most readily explained on the basis that /S-glucuronidase (a) 
catalyzed the conjugation reaction and (b) had “adaptive” characteristics 
similar to those observed in the case of some bacterial enzymes. Direct 
evidence in support of these views has been contributed by the tn vitro 
observations of Florkin and De Meio. Circumstantial and indirect evidence 
has come from other sources. Since then other observations have been made 
which have led to the opinion by some that the enzyme functions solely as 
a hydrolytic enzyme in vivo without the necessity for ascribing an adaptive 
property to /3-glucuronidase. 

Thus, Lewy concluded that the sole activity of jS-glucuronidase in the 
organism can only be that of hydrolysis mainly because of (a) the occur¬ 
rence of an increase in /3-glucuronidase activity following the administration 
of various toxic substances which, in his opinion, cannot form glucuronides,** 
(b) the ability of extrinsic menthyl glucuronide to produce a change in 
tissue /3-glucuronidase, ** (c) the inability of saccharic acid (an inhibitor of 
the hydrolysis of phenyl glucuronide) to prevent glucuronide synthesis 
by mouse liver slices,** (d) the demonstration by Lipschitz and Bueding*’ 
that glucuronic acid synthesis in vitro was promoted to a much greater 
extent by lactic acid and other three-carbon sugar derivatives than by 
glucuronic acid, and (e) the observation that in vitro glucuronide synthesis 
was not related necessarily to the extent of the tissue’s ability to hydrolyze 
glucuronides.** 

It is probably too early to reach a decision with regard to the ability or 
inability of /3-glucuronidase to synthesize conjugated glucuronides in tissue 
on the basis of in vitro experiments alone. Indeed, as pointed out previously, 
there is positive evidence (both direct and indirect) supporting both con¬ 
tentions. It may develop that both may be correct for certain phenomena 
and that wide generalizations as to the function of /S-glucuronidase may not 
be warranted for some time yet. 

While some of Lewy’s criticisms may be met by proposing alternative 
explanations (e.g., the extrinsic toxic agents may be first converted into 
another product which may be conjugated), other of his objections along 
with information supplied by Lipschitz and De Meio serve to make it 
unlikely that the 83 mtheds of glucuronides is a simple reaction, catalysed 

** M. C. Karunairstnam and G. A. Lewy, Bioehem. 7. 44 , 600 (1040). 

** W. L. Lipschitz and E. Bueding, J. Biol. Chem. ISO, 333 (1039). 
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in reverse by 0-glucuronidase. Rather it appears that glucuronide synthesis 
is a more complicated process which in Lipschitz’s studies is difficult to 
distinguish from processes of glucuronic acid formation. The importance 
of the aglucuron in determining synthesis was observed. However, the 
trioside hypothesis of Lipschitz and Bueding seems inadequate in view of 
the fact that the triosides have never been detected in biological systems. 

Analogous situations have arisen elsewhere in which argument is en¬ 
countered as to whether or not the same enzyme which hydrolyzes the 
substrate will also effect its synthesis in vivo. This question is of fundamental 
importance. The necessity of an energy source is stressed greatly by others 
and is widely considered to require the presence of substances with high- 
energy phosphate linkages. However, in the case of phosphotransferase®® 
and in the enzymatic synthesis of dextrans®^~®® the catalysis of synthesis is 
performed by the enzyme in the absence of energy-rich phosphorus 
compoimds. 

In view of these observations, consideration should be given to other 
possible sources of energy for s)mthesis. The data of Bergmann and Fruton 
indicate the possibility of the formation of an insoluble product which will 
favor a reaction in the direction of synthesis. Of course, rapid diffusion of 
the product from the site of its synthesis will also favor the reaction. These 
last two possibilities can be visualized as occurring in the normal living 
organism and may be extremely important. 

Although the in vitro evidence for the synthetic role of the enzyme is not 
conclusive in one direction or the other, the observations in vivo are more 
readily explained on the basis of glucuronide synthesis than on the basis of 
glucuronide hydrolysis, although it is conceivable that both reactions take 
place in the body. The great substrate specificity shown in the hydrolytic 
reactions of 0-glucuronidase would make it seem important to include the 
enzyme in considerations of in vivo reactions. A similar view has been 
expressed by Fruton®® with regard to peptidase action. 

IV. Implications in Human Cancer 

Recently, Fishman et have reported the presence of greater 

amounts of 0-gIucuronidase in human cancer tissue than in the tissues of 
origin. Studies have been carried out on carcinomas of the breast, stomach, 
colon, pancreas, uterus, ovary, penis, bladder, lung, and on lymphadenop- 

« B. Axelrod, /. Biol. Chem. 172, 1 (1948). 

« E. J. Hehre, J, Biol. Chem. 177,267 (1949). 

•* S. Hestrin, S. Avineri-Shapiro, and M. Aschner, Biochem. J . 87, 450 (1943). 

•• S. Hestrin and S. Avineri-Shapiro, Biochem. /. 88,2 (1944). 

H. J. Buehler, P. A. Katsman, and E. A. Doisy, Federation Proc. 8,189 (1949). 

•• H. J. Buehler, P. A. Katsman, P. P. Doisy and E. A, Doisy, Proc Soc. Biol, 
Med, 78, 207 (1949). 

•• J. 8. Fruton in Green, Currents in Biochemical Research, 1946, Interacience, 
New York. 1946 p. 123. 
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athies. Of importance is the observation that lymph nodes to which can* 
cer has metastasised contained in many cases high j3-glucuronidase activ¬ 
ities. Ascitic and pleural fluids from patients with carcinomatosis involving 
the pleura and peritoneum often contained increased amounts of |S-glucu- 
ronidase as compared to body fluids from patients without cancer. 

While, as a working h 5 rpothesi 8 , it has been suggested that the increased 
/^-glucuronidase in tumors might reflect an enhanced activity of estrogen or 
other steroid substances, considerably more data are required in order to 
evaluate the exact significance of these results. 

V. Summary 

|3-Glucuronidase is a constituent of many animal tissues and of some 
plants. Many of its enzymatic properties have been studied, especially the 
effects of pH, substrate, enzyme, and temperature. It has been purified 
considerably and the existence has been detected of more than one protein 
with /3-glucuronidase activity. 

/3-GIucuronidase seems to play an important role in the metabolism and 
action of the estrogenic hormones and the evidence indicates its close asso¬ 
ciation with processes of cell division and multiplication. The exact mech¬ 
anism of its in vivo behavior is still unsettled. 
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V. Mechanism of Amylase Action. 703 
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I. The Substrates 

1. Starch 

Starch^’* is the chief reserve carbohydrate of the higher plants just as glycogen is 
in the animal kingdom and in certain microorganisms. During germination of the 
Btarch>rich plant seeds the starch is broken down, presumably by the accompanying 
amylases, to sugars, which constitute the chief source of energy in the early develop¬ 
ment of the plant. The belief seems well founded that plant amylases play a funda¬ 
mentally important role in plant metabolism. 

Starch is quantitatively the most important constituent of human food; it is 
saccharified by amylases in saliva and pancreatic juice. The sugars pass into the blood 
stream whence they are taken up by the tissues, partly used in respiration, and partly 
stored in the liver as glycogen. 

Starch is of immense industrial importance. In most cases, as in the fermentation 
industries, degradation by amylases is an integral part of the procedure. 

From a structural point of view starch and glycogen belong to the 
group of homopolysaccharides, i.e., they are built up exclusively of resi¬ 
dues of one simple sugar. This fact was first stated by de Saussure, who 
by acid hydrolysis converted starch almost completely to glucose.* En¬ 
zymatic treatment converts about 80% of starch to fermentable sugars, 
chiefly maltose, the balance being made up of oligosaccharides of a molec¬ 
ular weight higher than that of maltose, the so-called dextrins.* 

Starch occurs in the plant as microscopic, anisotropic granules of vary¬ 
ing size and shape. For information concerning the properties and the 
identification of starch granules and the methods used, the reader is re¬ 
ferred to the literature cited.* * Intact granules are insoluble in cold water. 
Treated with hot water the granules swell and at a sufficiently high tem¬ 
perature, the gelatinization temperature, they burst and form viscous 

‘ The literature to 1927 is collected in R. P. Walton, A Comprehensive Survey of 
Starch Chemistry. Chemical Catalog Co., New York, 1928. 

* A. Purr in Bamann-Myrb&ck, Die Methoden der Fermentforschung,Thieme, 
Leipzig, 1941; Academic Press, New York, 1945, p. 173. M. Samec, Ergeb. Entym- 
forach. 9, 89 (1943). R. W. Kerr, Chemistry and Industry of Starch, 2nd ed.. Academic 
Press, New York, 1950. T. J. Schoch, Advances in Carbohydrate Chem, 1, 247 (1945). 
K. Myrbftck, Advances in Carbohydrate Chem. 8 , 252 (1948). See also Ann. Rev. Biochem. 

* T. de Saussure, Bull, pharm. 6, 499 (1814). 

* T. de Saussure, Trans. Roy. Soc. London 109, 29 (1819). 

* N. P. Badenhuizen, Protoplasma 98, 293 (1937); ibid. 99, 240 (1938). 

* A. Frey-Wyssling, Submicroscopic Morphology of Protoplasm and its Deriva¬ 
tives. Elsevier, Amsterdam, New York, 1948. 
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solutions or gels. It has, however, been claimed that even above the gela- 
tinization temperature the granules still persist although enormously 
swollen, and that paste viscosity is due to frictional effects between the 
swollen granules 7 As evidence it has been pointed out that the viscosity 
of a potato starch paste is strongly diminished by mechanical treatment 
of the paste, as for instance in a colloid mill. 

Starch granules and the commercial starches always contain small 
amounts of noncarbohydrate substances.® Such substances, other than 
water, are higher fatty acids, other lipides, and inorganic compounds, 
of which phosphoric acid has attracted most interest.® 


Fatty acids occur in cereal starches in a range of about 0.6 to 0.8%.^® It is possible 
by use of certain fat solvents with hydrophilic character to remove the fatty acids, 
which seem to be only adsorbed on the starch molecules.” ** For this extraction lower 
aliphatic alcohols may be used, preferrably 85% methanol, or aqueous dioxane or the 
Cellosolves. 

The phosphoric acid content of starch does not exceed about 0.2% as phosphorus. 
The phosphorus constituents can be removed from most cereal starches by extraction. 
In tuber starches, however, especially in potato starch, the phosphorus occurs in 
esterified form, as judged by its isolation after acid hydrolysis of the starch as glu¬ 
cose-G-phosphate.** 

As already mentioned, starch is built up of glucose units. These are 
joined in the majority of ca.ses through glucosidic 1,4 linkages, t.e., the 
same linkage which occurs in maltose, the “maltose linkage.^^ These facts 
emerge from results obtained l)y use of the e.xhaustive methylation tech¬ 
nique.'® From the fact that starch is strongly dextrorotatory and from 
the kinetics of hydrolysis and acetolysis it is concluded that the linkages 
have the alpha configuration as in maltose.'® '® 

It has long been recognized that starch is heterogeneous. The term 
starch covers a group of closely related but chemically and physically 
different substances. It is possible to fractionate most starches into two 


» C. L. Alsberg, Plant Physiol. 13. 295 (1938). 

•A table is giveu in R. W. Ken, (Chemistry and Industry of Starch, 2nd ed., 
Academic Press, New York, 1950, p. 229. 

* M. Samec and M. Blinc, Kolloid Beihejte 47, 371 (1938); ibid. 40, 449 (1934). 

T. C. Taylor and J. M. Nelson, J. Am. Chem. Soc. 42, 1726 (1920). T. C. Taylor 
and L. Lehrman, ibid. 48, 1739 (1926). T. C. Taylor and J. H. Werntz, ibid. 49, 1584 
(1927). T. C. Taylor and R. P. Walton, ibid. 61, 3431 (1929). T. C. Taylor and R. T. 
Sherman, ibid. 66, 258 (1933). 

” L. lehrman and E. A. Kabat, J. Am. Chem. Soc. 66, 580 (1933). 

»*T. J. Schoch, J. Am. Chem. Soc. 60, 2824 (1938); ibid. 64. 2954 (1942). 

» L. Lehrman, J. Am. Chem. Soc. 64. 2144 (1942). 


*®T. Posternak, Helv. Chim. Acta 18, 1351 (1935). 

*• J. C. Irvine and J. Macdonald, J. Chem. Soc. 1926, 1502. 

»• W. N. Haworth. E. L. Hirst, and J. I. Webb, J. Chem. Soc. 1928, 2681. 

» E. L. Hirst and G. T. Young, J. Chem. Soc. 1939, 951. 

»• K. Freudenberg, G. Blomqvist, L. Ewald, and K. Soff, Her. 69, 1258 (1936). 
'• K. H. Meyer, H. Hopff, and H. Mark, Her. 62, 1103 (1929). 
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main fractions, one of which is composed of straight-chain molecules, 
analogous to cellulose in configuration. The other fraction is composed of 
molecules with a complicated structure, a highly branched or ramified 
configuration. The branching involves a linkage of another kind than the 
1 ,4 bond mentioned. Evidence has been brought forward that this linkage 
is an a-glucosidic 1,6 linkage.*^** The occurrence of linkages of a further 
type has been proposed, but at present there is not much evidence for 
this.**'*^ 


The heterogeneity of starch is still questioned occasionally by some investigators 
who state that the fractions obtained are degradation products of the native starch, 
formed during dissolution or in its manufacture.” ** Many experimental facts, how¬ 
ever, do not support this statement, and it has been contradicted.*' In this connec¬ 
tion, however, it is necessary to point out that the commercial manufacture of starch 
includes some chemical treatment, which in some cases may cause chemical degrada¬ 
tion, a fact to keep in mind in investigations designed to provide fundamental in¬ 
formation concerning the starch molecule.** 

In the earlier literature several names for the fractions of starch* have 
been used, sometimes in a rather confusing way. This is due to the fact 
that earlier methods of fractionation were ineffective and that no satis¬ 
factory methods were available for characterization of the fractions and 
estimation of their purity. The names most commonly accepted at present 
are those proposed by Maquenne*’ and later reproposed and defined by 
Meyer.*® According to Meyer amylose is defined as a polysaccharide made 
up of straight-chain molecules, a polymerized maltose, while amylopectin 
is considered to consist of branched-chain molecules. It does not seem 
unlikely, however, that molecules exist which are intermediate in struc¬ 
ture between these two extremes.*^'** 

An essential condition for a quantitative separation of the starch com¬ 
ponents is a physically homogeneous solution. It seems possible to break 

*® K. Freudenberg and H. Boppel, Ber. 73, 609 (1940). 

*^ K. Myrb&ck, B. Ortenblad, and K. Ahlborg, Biochem, Z, 307, 53 (1940). K. 
Myrback and K. Ahlborg, ibid, 307,69 (1940). K. Ahlborg and K. Myrb&ck, ibid. 308, 
187 (1941). 

** C. C. Barker, E. L. Hirst, and G. T. Young, Nature 147, 296 (1941). 

” Y. Nakamura, J. Faculty Agr. Hokkaido Imp. Univ. 49, 96 (1942); Chem. Ab- 
straete 48, 6145 (1948). 

** T. G. Halsall, E. L. Hirst, J. K. N. Jones, and A. Houdier, Nature 160,899 (1947). 

*• E. Pacsu and L. A. Hiller, Textile Research J. 16,243 (1946). E. Pacsu, J. Polymer 
Sci. 2, 565 (1947). 

** R. Sutra, BuU. soc. ehim. biol. 29 , 221 (1947). 

** T. G. Halsall, E. L. Hirst, and J. K. N. Jones, Nature 169, 97 (1947). 

**R. W. Kerr, Chemistry and Industry of Starch, 2nd ed., Academic Press, 
New York, 1950, Sect. II. 

** L. Maquenne and E. Roux, Campt, rend. 140, 1303 (1905). 

*• K. H. Meyer, NaturwiBsensehaften 28, 397, 564, 722 (1940). 

« R. W. Kerr, Paper Trade J. 116,30 (1942). 

•» R. W. Kerr, Cereal Chem. 7. 377 (1945). 
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up the granule structure completely without chemical degradation, pro¬ 
vided some precautions are taken. First, it is necessary to remove the 
fatty acids completely, since they interfere with the fractionation pro¬ 
cedure. Second, it is necessary to maintain the pH within narrow limits 
during autoclaving. According to Schoch a defatted com starch in water 
gives a pH of about 6, and this value is constant during autoclaving. 
Consequently no degradation occurs.** 

For the separation of the components in solution several methods have 
been used. Most of them, however, are ineffective. The best method avail¬ 
able and one which represents an important advance in the preparation of 
pure starch fractions is the one described by Schoch.****^ As first described, 
an autoclaved suspension of defatted starch while still hot is treated with 
butanol to the saturation point. On cooling slowly an amylose-butanol 
complex crystallizes and is collected by centrifuging. The product is 
purified by repeated recrystallizations from butanol-water mixtures. The 
amylopectin fraction is isolated by treating the mother liquid with water- 
soluble alcohols. 

The method of selective precipitation of the starch components has 
achieved widespread use and has been modified in some details.** ** It is 
based on the fact that amylose adsorbs polar substances forming complexes 
which separate or crystallize, while amylopectin either forms no complex 
or the complex is soluble. Several organic substances with a hydrophilic 
group attached to a hydrophobic residue have the ability of forming com¬ 
plexes with amylose. The list of substances used for selective precipitation 
include aliphatic alcohols,*^ fatty acids,** nitroparaffins,*’ and thymol.*® 

Another method of fractionation is the leaching-out method.*^-** The 
starch is suspended in water at a temperature near the gelatinization 
point. The extraction is continued at constant temperature for 1 hour 
with slow stirring. After centrifuging, the amylose is in a clear solution. 
The extractions are repeated until no more soluble substance is removed. 
A water solution of amylose is unstable in a colloidal sense and on stand¬ 
ing most of the amylose crystallizes or retrogrades. Such a retrograded 
amylose is insoluble in water and not attacked by amylases (see page 
673). The mechanism of retrogradation in its essential parts is still un- 

" T. J. Schoch, J, Am. Chem, Soc. 64 , 2957 (1942). 

T, J. Schoch, Cereal Chem, 18, 121 (1941). 

E. J. Wilson, Jr., T. J. Schoch, and C. S. Hudson, /. Am. Chem. Soc. 66, 1380 
(1943). 

•• R. H. Hopkins and B. Jelinek, Bioehem. J. 43, 28 (1948). 

T. J, Schoch, Advances in Carbohydrate Chem. 1, 259 (1945). 

« T. J. Schoch and C. B. Williams, J. Am. Chem. Soc. 66, 1232 (1944). 

»• R. L. Whistler and G. E. Hilbert, /. Am. Chem. Soc. 67 , 1161 (1945^. 

W. N. Haworth, 8. Peat, and P. E. Sagrott, Nature 167, 19 (1946). 

M. E. Baldwin, J. Am. Chem. Soc. 63, 2907 (1930). 

« K. H. Meyer, W. Brentano, and P. Bernfeld, Helv. Chim. Acta 28, 846 (1940). 
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known. Probably the retrogradation is due to hydrogen bond formation. 
The simple molecules form aggregates and become insoluble " 

The leaching-out method does not seem to allow a complete separation 
of the starch components. The ^deld of amylose is low and it is always 
contaminated with amylopectin. The method is tedious since it involves 
the use of large volumes and furthermore the isolation of amylose without 
retrogradation is difficult. A combination of the leaching-out method 
with the precipitation method has led to the isolation of a crystallised 
amylose, which has served as a reference substance.** 

Further purification of the fractions may be achieved by adsorption 
on cotton or filter paper. The amylose fraction is preferentially adsorbed 
and is subsequently removed by elution with hot water. The method is of 
less value for preparation of amylose but may be useful to free an amylo¬ 
pectin solution from small amounts of contaminating amylose.*** *• How¬ 
ever, recent investigations tend to give a different explanation of the action 
of cotton.*** 

In order to decide whether degradation has occurred during fractiona¬ 
tion the alkali lability method is applied. Since the starch and glycogen 
molecules are built up of linear or branched chains of glucose units, there 
must be one end chain of each molecule having a free pseudoaldehydic 
group. The reducing power of this group, owing to the high molecular 
weight, is very slight and thus not detectable by use of the common sugar 
reagents; starch is said to be “nonreducing.This is in fact not true. By 
use of certain sugar reagents it is possible to detect a very slight reducing 
power.*^’** On treatment of starch with hot alkali, acids are formed from 
the reducing end of the molecules, such as formic acid, acetic acid, etc. 
The first stage of this reaction is probably an enolization of the terminal 
aldehydic group.*® Since under the conditions used the interior 1,4-glu- 
cosidic linkage is relatively stable against alkali, the formation of acidic 
material proceeds progressively from the reducing end.*® A degraded starch 
will, thus, under the same conditions liberate more acidic material than an 
undegraded starch due to the higher amount of free aldehyde g;roup8 
exposed to the attack of alkali. An estimation of the rate of acid forma- 

** R. W. Kerr, Chemistry and Industry of Starch, 2nd ed., Academic Press, New 
York, 1950. p. 468. 

** R. W. Kerr and G. M. Severson, J, Am, Chem. Soc. 66, 193 (1943). 

C. Tanret, Compt, rend. 168, 1353 (1914). 

E. Paesu and J. W. Mullen, J. Am. Chem. Soc. 83, 1168 (1941). 

^•K. H. Meyer and G. C. Gibbons, Helv. Chim. Acta 88, 210 (1950.) 

" F. F. Farley and R. M. Hixon, Ind. Eng. Chem., Anal. Ed. 18, 616 (1941). 

*• W. A. Richardson, R. S. Higginbotham, and F. D. Farrow, /. TextiU Inet. 87, 
131 (1936). 

294 (1930). W. L. Evans, 

CAem. Revs. U, 637 (1942). 

S«koch, E. J. Wilson, Jr. and C, 8 . Hudson, /. Am. Chm. 8oe. 84 . 2871 
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tion by titration of the acids under specified conditions will give the alkali 
number. This method gives characteristic figures for the components of 
starch and has proved valuable for detecting even small hydrolytic changes 
in the starch molecule.*^ 

The separation of the starch components by the selective precipitation 
method seems to work almost quantitatively and the method has thus 
been used for the analysis of the amounts of the components in starches 
of different origin. 

The values found by the last-mentioned method are supported by the 
results obtained by a quantitative estimation of the iodine activity in 
starch-iodine solutions. As has long been recognized the fractions of 
starch are characteristically colored by iodine. Amylose solutions are 
colored an intense blue, while amylopectin solutions exhibit reddish-purple 
colors. Amylose has a much greater affinity for iodine as measured by the 

TABLE I 

Amylose Content op Various Starches 


Amylose, 

Starch % 


CereaU«. 25-29 

Roots and tubers**. 17-22 

Waxy varieties of cereal starches** **. 0-2 

Lily bulbs**. 30-35 

Wrinkled garden peas**•**•**. 


potentiometric method of Bates et The iodine activity of a solution 
is estimated by measuring the E.M.F. of the cell Pt|l 2 ,KI||calomel. On 
addition of succesive portions of iodine to an amylose solution the activity 
of iodine rapidly rises to a characteristic value and then remains fairly 
constant until a certain amount of iodine has been added. The amount of 
iodine adsorbed is about 20% of the weight of amylose. Further addition 
of iodine will rapidly increase the iodine activity. Since amylopectin has 
no or at least only a slight influence on the iodine activity the method 
may be used for the estimation of the amount of amylose present in vari¬ 
ous starches. The results obtained agree well with those obtained by the 
precipitation method. The activity of iodine or the potential is a function 
of the molecular magnitude of the amylose; consequently it is possible to 
determine the relative molecular magnitude of different amylose prepara¬ 
tions. For example, iodine added to corn amylose gives, ceteris paribus, 
a higher potenti^ than iodine added to potato amylose, due to the lower 

T« J. Schooh and C. C. Jensen, Ind, Eng. CKem,, Anof. Ed. U, 631 (1940). 

•* P. L. Bates, D. French, and R. E. Bundle, J. Am. Chem. Soc. 66, 142 (1943). 
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molecular weight of the former. In Table I approximate figures of the 
amylose content of various starches are collected. 

The absorption spectra of the complexes between iodine and the starch 
components provide another means of analyzing for the two components 
in whole starch.®**®^’®® The distinction between the iodine colorations of 
amylose and amylopectin consists essentially in the intensity of the blue. 
While amylopectin shows no great variation in absorption from 500-800 
m/z, amylose exhibits a marked maximum absorption between 600-620 
m/z. 

The chemical evidence for the structure of starch is for the most part 
based on the results of the methylation method. Methylation of unfrac¬ 
tionated starch or amylopectin, followed by hydrolysis and an estimation 
of the methylglucoses formed gives the following figures: 85-90% of 
2,3,6-trimethylglucose, 4-5% of 2,3,4,6-tetramethylglucose, and vary¬ 
ing amounts of dimethylglucose.®*~“ The trimethylglucose fraction is 
derived from the intermediate glucose units, except those involved in 
branching. Consequently at least 85-90% of the linkages in starch are of 
the l,4-gluco8idic type. The tetramethylglucose originates from the ter¬ 
minal nonreducing glucose units. The amount of tetramethylglucose ob¬ 
tained corresponds to one end group for 20-28 glucose units. The physical 
properties of starch and the behavior of starch when treated with amyl¬ 
ases, however, indicate a very high molecular weight, as an average some 
1000 glucose units at least. To connect this with the end group content, 
it is necessary to assume a branched structure for starch or, more correct 
in the light of modem concepts, for the amylopectin fraction of starch. 
In fact several such structures have been suggested. 

Staudinger proposed a formula consisting of a relatively short principal 
chain with branches linked to the principal chain with glucosidic 1,6 and 
1,3 linkages. Each branch is thought to consist of 24-28 glucose units®®*®® 

»^L. Simerl and B. Browning, Ind. Eng, Chem,, Anal, Ed. 11, 125 (1939). R. M. 
McCready and W. Z. Hassid, J. Am. Chem. Soc. 66, 1154 (1943). R. W. Kerr and 0. R. 
Trubell, Paper Trade J. 117, No. 16, 25 (1943). R. R. Baldwin. R. S. Bear, and R. E. 
Rundle, J. Am. Chem. Soc. 66, 111 (1944). 

•• L. H. Lampitt, C. H. F. Fuller, and N. Goldenberg, J. Soc. Chem. Ind. London 
66, 142 (1947); ihid. 67, 97 (1948). 

*• W. N. Haworth and E. G. V. Percival. J. Chem. Soc. 1962, 2277. 

W. N. Haworth, E. L. Hirst, and M. D. Woolgar, J. Chem. Soc. 1935, 177. 

•» E. L. Hirst and G. T. Young, J. Chem. Soc. 1989, 951, 1471. 

•* S. Peat and J. Whetstone, J. Chem. Soc. 1940, 276. 

W. Z. Hassid and R. M. McCready, J. Am. Chem. Soc. 68, 1632 (1941). 

M G. E. Hilbert and M. M. McMasters, J. Biol. Chem. 168, 229 (1946). 

E. J. Bourne and 8. Peat, J. Chem. Soc. 1949, 5. 

w 8. Peat, E. J. Bourne, and M. J. Nicholls, Nature 161, 206 (1948). 

J. P. Nielsen and P. C. Gleason, Ind. Eng. Chem., Anal. Ed. 17, 131 (1945). 

•*H. Staudinger and E. Husemann, Ann. 587, 195 (1937). 

H. Staudinger and E. Husemann, Ber. 71, 1057 (1938). 
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(see Fig. lA.) At about the same time, from considerations on limit dex¬ 
trin formation, Myrback postulated a similar branched structure.*® 
Haworth, discussing the origin of the dimethylglucose fraction, suggested 
that the starch molecule is composed of parallel chains. Each chain con¬ 
taining 24-28 glucose units is linked to a neighboring chain by a glucosidic 
1,6 linkage*^ (Fig. IB.) Meyer, however, has proposed a more complicated 
structure, a quite irregular molecule with multiple branching. This struc¬ 
ture includes no principal chain.This formula was founded on experi¬ 
ments with different enzymes. (See below, page 697, and Fig. 1C.) 



FIG. lA 




FIG. IB 



REDUCING GROUP 
FIG, 1C 

Fig. 1. (A) Staudinger formula; (B) Haworth formula; (C) Meyer formula (Myrback*) 

Support for an irregular structure with multiple branching is found in 
the results of the calculations concerning the possible mechamsm of syn- 
thesis of starch carried out by Myrback and Sill6n.” The end chams are 
supposed to contain 11 glucose units as an average, whej^ the interior 
chains between the branching points should contain about 5 units each. 
The dimethylglucose fraction from methylated starch is composed of 

••K. Myrback, Current Scf. India 6 . 47 (1937). K. Myrbtlck and K. AUborg. 

Svmik Kem. Tid. 4#, 216 (1937). „ ^ jj 

N. Haworth, E. L. Hirst, and E-Oliver Soc. 193*. 1917. w. 

Haworth, E. L. Hiret, and F. A. hherwc^. tM. IW, 57i. 

**K. H. Meyer, NtUurwi»*eMd*aStm w. 397 (i^^ 

•• K, H. Meyer and P. Bernfeld. Heir. CMm. Acta M. 875 (^ 

»• K. Myrback and L. G. SilWn. Svensk Kem. Ttd. 66, 311,354 (1944). 
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2,3-dimethyl- and 2,6-dimethylgluco8e. The former probably originates 
from the points of branching and it is noteworthy that 2,3-dimethylglucose 
is found in an amount approximately equivalent to that of tetramethyl- 
glucose, i.e., every point of branching corresponds to an end group. The 
2,6-dimethyIglucose seems to be a secondary product formed during 
hydrolysis from trimethylglucose.’®-^* 

The methylation technique applied to amylose, however, gives only 
about one tenth of the amount of tetramethylglucose isolated from meth¬ 
ylated amylopectin. This corresponds to one end group for about 250- 
300 glucose units. Since the molecular magnitude of amylose is of the 
same order it is concluded that the amylose molecule is an unbranched 
straight chain.”"” 
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Fio. 2. Periodic acid oxidation of starch (Kerr’) 


The above mentioned end group estimations are in good agreement 
with those obtained by the periodate oxidation end group assay. Periodate, 
having a highly specific action on glycol configurations, oxidizes every 
intermediate glucose unit in starch or glycogen by splitting the carbon- 
carbon bond between carbon atoms 2 and 3 forming a dialdehyde.^* A 
reducing terminal glucose unit will give rise to two moles of formic acid 
and one mole of formaldehyde, while the nonreducing terminal glucose 
unit will give one mole of formic acid (Fig. 2). 

K. Freudenberg, Nalurmueruchaflen 28, 264 (1940). 

» K. Hess and B. Krajnc, Ber. 7S. 976 (1940). 

” K. H. Meyer, M. Wertheim, and P. ^rnfeld, Helv. Chim. Acta 3S, 86S (1940); 
ibid. M, 378 (1941). 

W. Z. Hassid and R. M. McCready, J. Am. CKem. Soe. 66,1187 (1943). 

’* E. L. Jackson and C. S. Hudson, J. Am. Ckem. 80 c. 86, 2049 (1937); ibid. 60, 
989 (1938). 
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Quantitative formaldehyde estimations after periodate oxidations have 
been used to find th6 end group content and thus the molecular magni¬ 
tudes of starches and dextrins, and these values have been compared with 
the molecular weight values calculated from the reducing power 

Recently the estimation of formic acid has been used for an end group 
assay and a comparison also made with the results obtained by the meth- 
ylation method For a certain sample of starch both methods gave 
almost identical results. Consequently, few if any glucose units linked 
solely by carbon atoms 1 and 6 are present in starch. 

2. Glycogen 

Glycogen®® *^ includes a group of homologous polysaccharides occurring 
in cell plasma, particularly in liver and muscle cells and serving as a re¬ 
serve carbohydrate in animal metabolism. Glycogen is found distributed 
throughout the protoplasm and part of it is said to be bound to proteins. 
By treatment with hot alkali in an oxygen-free atmosphere the glycogen 
is set free and extracted. It is isolated from the extract by ethanol precipi¬ 
tation. 

Glycogen is water-soluble and gives opalescent solutions which are 
colored red to reddish-brown by iodine. Glycogen is completely converted 
to glucose by acid hydrolysis, yields heptacetylmaltosyl bromide when 
treated with acetyl bromide, and gives considerable amounts of maltose 
when digested with amylases. 

End group estimations carried out with the methylation method give 
a large amount of tetramethylglucose. Two different types of glycogen 
seem to exist. Most glycogens have one end group for each 12 glucose 
units.Certain specimens of rabbit liver glycogen, however, are 
reported to have one terminal group for 18 glucose imits.®’' ®® Almost 
identical figures of the end group content are obtained with the periodic 
acid method®® (see page 662). 

The above-mentioned facts point to a structure for glycogen similar to 
that of amylopectin or the limit dextrin remaining after jS-amylase treat¬ 
ment of amylopectin. The differences are the higher degree of branching 

C. G. Caldwell and R. M. Hixon, J. Biol. Chem. 123, 595 (1938). 

” F. Brown, T. G. Halsall, L. Hirst, and J. K. N. Jones, J. Chem. Soc. 1948, 27. 

A. L. Potter and W. Z. Hassid, J. Am. Chem. Soc. 70, 3488 (1948). 

K. H. Meyer and P. Uathgeb, Helv. Chim. Acta 81, 1545 (1948); ibid. 82, 1102 
(1949). 

•® See review by K. H. Meyer, Advances in Enzymol, 8, 309 (1943). 

•* D. J. Bell, Biol. Revs. Cambridge Phil. Soc. 28, 256 (1948). 

•* D. J. Bell, Biochem. J. 29, 2031 (1935); ibid. 31, 1683 (1937). 

•» W. Z. Hassid and I. L. Chaikoff, J. Biol. Chem. 128, 755 (1938). 

W. N. Haworth, E. L. Hirst, and F. Smith, J. Chem. Soc. 1939, 1914. 

*• D. J. Bell, Biochem. J. 30, 1612, 2144 (1936). 

•• T. G. Halsall, E. L. Hirst, and J. K. N. Jones, J. Chem. Soc. 1989, 1399. 
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and the higher molecular weight for glycogen. Glycogen contains no linear 
fraction (amylose). 

Considerations concerning the mechanism of the breakdown of glycogen 
with /9-amylase has led to a picture of the molecule in principle similar to 
that of the amylopectin (Fig. 1C.). The end chains of glycogen are sup¬ 
posed to contain 5 to 7 glucose units each, united by interior chains with 
about 3 glucose units between the branching points.*®*®^ 

n. Enz]rmatic Degradation of Starch and Glycogen 
1. iNTRODUCmON 

The amylases are enzymes which hydrolyze starch and its components 
(amylose and amylopectin), glycogen, and certain degradation products 
originating from these polysaccharides. (The term ‘‘diastase” is sometimes 
used for these enzymes; it is, however, misleading since in certain lan¬ 
guages diastase means enzyme in general.) The specificity of the various 
amylases will be dealt with later on, but it should be made clear from the 
beginning that amylase action is a purely hjrdrolytic one, the sole action 
of the amylases being a cleavage of the a-glucosidic 1,4 linkage, the “malt¬ 
ose linkage.” (The BaciUtis macerans amylase has an action differing some¬ 
what from that of the true amylases; the B, macerans enzyme is treated 
in Sect. VII.) 

The degradation products formed by the action of the amylases (except 
the enzyme from B, macerans) on the polysaccharides are: (o) reducing, 
fermentable sugars, chiefly maltose; and (6) reducing, nonfermentable 
(or extremely slowly fermentable) dextrins, which are to be regarded as 
originating from parts of the polysaccharide molecules which for certain 
reasons are not completely degraded. 

It U necessary to distinguish carefully between the hydrolysis of polysaccharides 
and other types of degradation which may be confused with hydrolysis. For instance, 
enzymes have been described under names as **phosphate-requiring amylases’*®* 
which certainly are not amylases at all but which, in the light of modern knowledge, 
are to be classed as phosphorylases. Phosphorylase preparations containing iso- 
merases or phosphatases may cause the formation of reducing esters of phosphoric 
acid or even free reducing sugars. The true amylases are not influenced character¬ 
istically by phosphates. 

2, Synthetic Action of Amylases 

So far no conclusive evidence of a synthetic action of the true amylases 
has been brought forward. (An exception, in certain respects, is the Bacil¬ 
lus macerans enzyme.) The true amylases seem to be concerned exclusively 
with the hydrolysis of the substrates, while the phosphorylases catalyze 
hydrolysis and synthesis as well. 

K. H. Meyer, Naturmssenschaften 89, 267 (1941). 

•* R. WillsUtter and M. Rohdewald, Z. physiol, Chem, 881, 13 (1933). 
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A synthesizing action of several crude amylase preparations has been observed by 
Piginan.** Whereas none of the preparations had any action on glucose solution, some 
produced varying amounts of nonfermentable saccharides from maltose. There was 
some activity in preparations from mold {Aspergillus) j from Bacillus subtilis, and 
from pancreas, but the cereal amjdases showed no activity. Pigman points out that 
the preparations exhibiting the synthesizing action were surely mixtures of various 
enzymes and the synthesis may possibly be due to enzymes other than amylases. 
Since the experiments wxre performed in phosphate buffer, phosphorylase action is 
perhaps not excluded. 


3. Classification of Amylases 

The action of amylases on starch paste is accompanied by the following 
three, easily demonstrable phenomena: (a) decrease in viscosity, “lique¬ 
faction”; (6) change in the color formation with iodine and liberation of 
reducing groups, “dextrinization”; and (c) formation of fermentable sugars 
“saccharification.” The same phenomena are observed, more or less mark¬ 
edly, in amylase action on glycogen. The sole action of the amylases 
resulting in the three phases mentioned, is the hydrolysis of a-glucosidic 
1,4 linkages. As far as we know at the present time, no other reaction 
can be made responsible for any of the observed phenomena: liquefaction, 
change in color with iodine, formation of reducing groups and fermentable 
sugars; all are consequences of the disruption of glucosidic linkages be¬ 
tween the unit residues of the chain molecules of the substrates. There is, 
for instance, no decrease in viscosity of a starch paste which is not ac¬ 
companied by the appearance of reducing groups. However, it must be 
kept in mind that a very slight increase in reduction value may corre¬ 
spond to an extremely marked shift in viscosity. 

a. AmylophospheUase 

It should be mentioned in this connection that the occurrence of chemi¬ 
cally bound phosphoric acid in many starches may be connected with the 
viscosity. This question has been extensively treated by Samec.*® The 
existence of an “amylophosphatase” in barley malt, displaying a liquefy¬ 
ing action without rupture of glucosidic linkages, was claimed by Wald- 
schmidt-Leitz et oZ.*^ ** Other authors, however, failed to reproduce these 
results. In any case the liquefaction of starch paste by malt enzymes has 
nothing to do with the liberation of phosphoric acid. On the contrary the 
substitution of a glucose residue by a phosphoric acid radical makes the 
adjoining glucosidic linkages difficultly accessible to the amylases.®* All 

•• W. W. Pigman, J, Research Natl. Bur. Standards 88, 105 (1944). 

M. Samec and M. Blinc, Handbuch der Kolloidwissenschaft in Einseldarstel* 
lungen; Band VIII, Steinkopff, Dresden, Leipzig, 1941. M. Samec, Ergeb. Enzym- 
forsch. 9, 89 (1943). 

E. Wald8chmidt-I.<eitz and K. Mayer, Z. physiol. Chem. 296, 168 (1935). 

** E. Waldschmidt-Leiti, M. Samec, and K. Mayer, Z. physiol. Chem. 250, 192 
(1937). 

•»T. Posternak, Helv. Chim. Acta, 24, 921 (1941). 
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phosphoric acid in potato starch is recovered in bound form in the limit 
dextrins** (see below). 

6. Different Types of Amylases 

If the velocities of liquefaction, dextrinization, and saccharification are 
determined for different amylase preparations, the fact is immediately 
apparent that the ratios between the velocity values are by no means 
constant. Therefore different types of amylases obviously exist; some are 
mainly dextrinizing, and in others the saccharifying activity is predomi¬ 
nant. Crude preparations may be mixtures of different amylases; extracts 
of germinated cereals contain, e.g., two amylases. After the enzymatic 
homogeneity of barley malt extracts had been questioned by several 
authors in the past (Bourquelot is said to be the first), Ohlson** ** demon¬ 
strated conclusively that ‘‘malt amylase” contains two distinct amylases, 
termed by him ‘‘dextrinogenic” and “saccharogenic amylase.” 

All amylases (with the possible exception of the Bacillus macerans 
enzyme) are saccharifying in the sense that sooner or later fermentable 
sugars are formed as a result of the degradation process catalyzed by them. 
The chief end product of amylase action is always maltose; this fact was 
demonstrated as early as 1876 by O’Sullivan.*’ The conversion of starch, 
however, is seldom or never complete; as pointed out early by O’Sullivan, 
other saccharides, “dextrins,” are produced together with maltose. The 
yield of maltose and the composition of the dextrin fraction vary with 
the amylase preparation, and the pathway from the high-molecular sub¬ 
strates to fermentable sugar is clearly different. 

In some cases the increase in reducing value during enzymatic action 
corresponds precisely to the formation of maltose, as determined by fer¬ 
mentation experiments. The explanation is that the enzyme attacks the 
substrate molecules from chain ends, liberating every time a maltose unit. 
Enzymes of this kind are the true saccharifying amylases in the sense that 
besides maltose no low-molecular degradation products with determinable 
reducing value are formed. These enzymes, acting from chain ends of the 
substrate molecules, may be designated as eilcoamylases. 

In other cases the increase in reducing value is, especially in the first 
stages of the reaction, much larger than the simultaneous production of 
fermentable sugars. The decrease in viscosity of a starch paste accom¬ 
panying these early stages of the amylase action is most conspicuous. The 
explanation is that the amylases of this type break up the large polysac¬ 
charide molecules into smaller parts, the dextrins, and these compounds 
are cH such low molecular weights that their solutions have no appreciable 

^ K. Myrbiek and B. Kihlberg, Biachcm, Z, 316, 260 (1043). 

** £. OUsaon, Compt, rend, $oc. biol, 87, 1183 (1922). 

••E. OhlssoB, CompL rend. trav. lab. CarUberg Sbr. chim. 16, No. 7 (1926). 

J. O’Sullivan, J. Chem. 8oc. 99, 478 (1876); 30. 125 (1876). 
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viscosity, but on the other hand are large enough to be nonfennentable. 
The amylases displaying this type of action are the dextrinizing or liquefy¬ 
ing amylases. For their attachment to the substrate molecules they are 
not dependent on end groups of substrate chains; they are endoamylases. 

Brown and Heron’® found that “malt amylase*^ (which they regarded as 
a single enzyme) liberates maltose of beta-configuration, mutarotating 
upward. Their results were verified by von Euler and Helleberg” and by 
Kuhn,^®’ who found, furthermore, that, whereas “malt amylase^' yields 
j8-maltose, the degradation products of other amylases mutarotate down¬ 
ward. His conclusion that these amylases yield a-maltose may be gen¬ 
eralized as follows: probably all reducing groups set free by these enzymes, 
whether in maltose or in dextrins, have the a-configuration.^®‘ Determina¬ 
tion of the direction of the mutarotation of the hydrolysis products thus 
allows a classification of the amylases into a- and j3-amylases. 

c. a- and 0-Amylases 

Determination of the mutarotation of the degradation products requires particular 
techniques. The reaction mixture must be clear enough to allow polarimetric readings. 
Ohlson used a starch solution cleared by electrodecantation. Other authors have 
used more or less degraded soluble starches. The enzyme concentration must be so 
high that the velocity of hydrolysis is great compared to that of the mutarotation 
at the pH in question. Samples are taken from the reaction mixture, read in the 
polarimeter, made alkaline with sodium carbonate for instance, and read again 
Determination of the reducing value gives the degree of hydrolysis, and fermentation 
experiments furnish values of the actual amounts of maltose and other fermentable 
sugars. 

It should be emphasized that the formation of a- and /3-maltose, re¬ 
spectively, does not justify the conclusion that in the polysaccharides a- 
and i3-glucosidic linkages alternate. It must be regarded as fully proved 
that all linkages in starch and glycogen which are ruptured by the amjd- 
ases are a-glucosidic in configuration. Then we have to conclude that 
the rupture of such a linkage by /3-amylase is accompanied by a complete 
Walden inversion, whereas the hydrolysis by a-amylases takes place with¬ 
out inversion. It seems plausible that this is due to the different mode of 
attachment of the enzymes to the substrate molecules, but the connection 
is not at all clear. 

The upward mutarotation of the products of ‘‘malt amylase'^ action 
was shown by Ohlson*®* to be due to the saccharifying enzyme in malt. 
This enzyme therefore is a /3-amylase, which is at the present time the 
most widely used designation. The dextrinogenic enzyme in malt was 

»• H. T. Brown and J. Heron, J. Chem. Soc. 36, 596 (1879); Ann. 204, 228 (1880). 

»• H. von Euler and K. Helleberg, Z. physiol. Chem. 139, 24 (1924). 

100 R. Kuhn. Ber. 67, 1965 (1924) ; Ann. 443, 1 (1925). 

‘01 K. Myrbftck, Btochem. Z. 807, 140 (1941). 

‘o»E. OhlsBon, Z. physiol. Chem. 188, 17 (1930). 
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shown by Ohlson to be an a-amylase. a-Amylases are found in all kinds of 
organisms and tissues, /9-amylase chiefly if not exclusively in higher plants. 

From the foregoing we conclude that the amylases may be divided into 
two main classes: (a) exoamylases, saccharogenic or saccharifying amyl¬ 
ases, /S-amylases; (b) endoamylases, dextrinogenic or dextrinizing amylases, 
liquefying amylases, or a-amylases. 

4. Determination of Amylase Action 
a. DeterminaMan of Decrease in Substrate Concentration 

Since the natural substrates of the amylases are not homogeneous and no sharp 
limit exists between them and their degradation products, it seems impossible to 
indicate a method for the quantitative determination of unaltered substrate. How¬ 
ever, determinations of certain fractions of a high degree of polymerization are 
possible, of course. A method of this type has been devised by Caldwell and Hilde¬ 
brand.*®* Starch (presumably together with certain high-molecular degradation 
products) is precipitated by addition of ethanol to 55% by volume, the minimum 
alcohol concentration sufficient to completely precipitate starch solutions. Jm the 
case of ^-amylase, where the sole products are maltose and high-molecular /9-dextrin 
(see below), the quantitative precipitation of the latter should be possible in this 
way. 


b. Measurement of Changes in Color with Iodine 

The classical method is that de.scribed by Wohlgemuth.*®* Innumerable 
modifleations of this method are in use. Measurements are made under 
standard conditions of the time required to change the blue color of the 
reaction mixture with iodine to a certain shade or intensity, or of the 
amount of enzyme necessary to produce the change in a given time. In 
any case the experiments have to be performed so that the activity values 
are proportional to the amount of enzyme used in the experiment. As an 
end point of the experiments one may choose the “achroic point*' (no 
color with iodine) or any violet or reddish color definable by aid of a stand¬ 
ard.*®® The measurements may of course be considerably refined by using 
suitable colorimeters or spectrophotometers. The reader is referred for 
details to other publications.®®-*®® 

The change in color with iodine from dark blue through violet and red 
to colorless is characteristic for the change in the starch substrate brought 
about by the action of the a-amylases and may be used for the quantita¬ 
tive estimation of a-amylase activity. In combination with other methods 
the iodine methods are of considerable value for the characterization of 

C. Caldwell and F. C. Hildebrand, J. Biol. Chem. Ill, 411 (1035). 

Wohlgemuth, Biochem. Z. 9, 1 (1908). 

C. 8. Hanes and M. Cattle, Proc. Roy. Soc. London B126, 387 (1938). R. M. 
Sandstedt, £. Kneen, and M. J. Blish, Cereal Chem. 16, 712 (1939). 8. Redfern, ibid, 
84, 259 (1947). P. Bernfeld and M. Fuld, Helv. Chim. Acta 81, 1420 (1948). 

I®* £. Bamann and K. Myrb4ck, Die Methoden der Fermentforschung. Thieme, 
Leipzig, 1941; Academic, New York 1945. 
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amylase preparations. The enzymatic homogeneity of an a-amylase prep¬ 
aration or the presence of /3-amylase as well may, for instance, be inferred 
from such experiments. Otherwise the value of the iodine methods in 
scientific work appears limited. Little is known about the relation between 
color with iodine and the nature of the degradation products. When the 
achroic stage is reached it can be concluded, however, that no products 
with chains longer than something like 20 glucose units are present. 

c. Measurement of Change in Viscosity 

As mentioned above a-amylase action is characterized by an initial 
rapid drop in viscosity of starch paste, and the decrease in viscosity, prop¬ 
erly evaluated, can be used as a measure of enz 3 rme activity. The visco¬ 
metric methods have one great advantage at least; they give evidence of 
amylase action even at extremely low degrees of hydrolysis. Myrb&ck and 
Gjorling'®^ found for instance in an experiment with malt a-amylase that 
when the viscosity of a certain starch paste had dropped to half the initial 
value only about 0.1% of the glucosidic linkages were ruptured. 

The viscometric methods, in combination with reductometric determination of 
the degree of hydrolysis, are of considerable use for the determination of enzymatic 
homogeneity of a-amylase preparations. It cannot be denied, however, that the 
viscometric methods have serious drawbacks. The results are strongly dependent 
on the preparation of the substrate solution, and the reproducibility of the substrate 
preparations is generally far from satisfactory. Nevertheless many viscometric 
methods are in use; generally very detailed prescriptions for substrate preparation 
and performance of the viscosity determinations are given.'®* ** 

When the object of an investigation is to explore the mechanism of the 
amylase action, the colorimetric and viscometric methods alone are of 
limited value. They must in any case be supplemented with reducto¬ 
metric determinations of the degree of hydrolysis and with determination 
of the products of the degradation. 

d. Determination of Degree of Hydrolysis 

The number of free, reducing pseudoaldehydic groups is determined. A 
great many different methods have been used for this purpose. Theoreti¬ 
cally the hypoiodite method of Willst&tter and SchudeP®* or any method 
of the same type would be best suited, since hypoiodite reacts stoichio- 
metrically with the pseudoaldehydic groups with formation of “-onic^' 
acids. On the other hand small amounts of iodine may be consumed in 
side reactions. The errors introduced herewith have no significance in the 

K. Myrb&ck and L. G. Gjdrling, Arkiv Kemi Mineral, OeoL 80A, No. 6 (1945). 

'** Q. Landis and S. Redfern, Cereal Chem. 24, 157 (1947). £, Hultiu, Acta Chem, 
Stand, 1, 269 (1947). 

R. Willstatter and G. Schudel, Bsr, 61, 780 (1918). J. Blom and C. O. Hosted, 
Ada Chem. Stand. 1, 32 (1947). 
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determination of low-molecular sugars but may be of importance in the 
determination of saccharides with very low reducing value. However, in 
the case of starch and glycogen the errors should be small since the polysac¬ 
charides themselves do not consume measurable quantities of hypoiodite. 

Several copper-containing reagents, reagents of the Hagedorn-Jensen 
type 6(c., have been used in amylase work and reproducible values are 
often obtained. But since these reagents do not react stoichiometrically, 
the “sugar values” must be derived from standard curves or tables. The 
only available standard substances are glucose and maltose. Since even 
these two sugars in many cases do not yield the identical factor for the 
calculation of the number of reducing groups it seems improbable that 
an accurate calculation could be made in the case of saccharides with very 
low reducing values. Certain copper reagents, however, give the same 
factor for glucose and maltose, and reagents of this type in any case would 
be preferable.^^** 

Colorimetric methods depend on the determination of the reducing 
groups by means of reagents which yield colored reduction products. The 
dinitrosalicylic acid method introduced by Sumnerhas been widely 
applied. A modification by Meyer ei aZ.“- is said to give reliable values 
even for saccharides of a very high molecular weight (amylose). 

If the reducing value calculated as mg. glucose is x, the degree of hydrolysis, f.e., 
the relative number of ruptured linkages, is: 

o “ x/(mg. starch) 1.111 

The reducing values are often calculated as maltose. If the yield of anhydrous maltose 
in a certain experiment is y mg., the degree of hydrolysis is: 

a ■« y/2(mg. starch) 1.053 

In these expressions *^mg. starch” denotes the amount of starch in the samples used 
for sugar determination. The expression: 

100 y/(mg. starch) 1.053 

is often called the “degree of sacchariheation in per cent.” This expression however 
should not be used without a statement that the reducing values have been calculated 
as anhydrous maltose. In the case of starch or glycogen degradation with /3-amylase 
y is the real amount of maltose, but in all experiments with a^ainylases it represents 
only the apparent amount of this sugar. 

e. Determinalion of Degradation Products 

(/). Fermentable Sugars. It must be kept in mind that the “maltose 
values” calculated from reductometric measurements only in exceptional 
cases (with /3-amylase) correspond to the real amount of maltose. In all 

M, Somogyi, J. Biol. Chem, U7. 771 (1937). 

J. B. Sumner, J. Biol. Chem. 92, 287 (1925). 

H. Meyer, Q. Noelting, and P. Bernfeld, Helv. Chim. Acta. 31, 103 (1947). 
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other cases the real yield of maltose is smaller than the apparent value. 
The real amounts of glucose and maltose are conveniently determined by 
fermentation. Yeasts should be used which distinguish between glucose, 
maltose, etc. Many *‘milk sugar yeasts,’’ as Saccharomyces fragilis, Torula 
lactosa, and others, ferment glucose but not maltose and the same holds for 
Saccharomyces marxianus. Some types of baker’s yeast ferment maltose so 
slowly compared to glucose that the determination of both sugars in one 
experiment is possible.'®' 

An interesting method for determination of glucose production in bio¬ 
logical systems has been devised by Keilin and Hartree;"* glucose oxidase 
(notatin) is used and the determination is performed manometrically. 

Maltotriose (4-a-maltosidoglucose) is formed by the amylases under 
certain conditions. This sugar is fermented by ordinary yeasts."* The rate 
may be almost equal to that of maltose; sometimes it is much lower. The 
presence of appreciable amounts of the sugar may be inferred from fer¬ 
mentation experiments in which not only the amount of sugar fermented 
is determined by measuring the amount of carbon dioxide evolved but 
also the decrease in reducing value caused by fermentation. Certain yeasts 
{Saccharomyces uvarum) are reported to ferment only glucose and maltose 
but no trisaccharides."* 

After removal of the fermentable sugars by fermentation (with baker’s 
yeast, for instance) the ‘‘dextrins” may be precipitated from relatively 
concentrated solutions with water-miscible solvents such as ethanol or 
acetone. A certain fractionation can be obtained and repeated fractional 
precipitation can result in saccharide fractions which are homogeneous, at 
least with respect to molecular weight."®* Whether, for instance, two 
tetrasaccharides containing two 1,4 linkages and one 1,6 linkage with 
different position in the chain can be separated by fractional precipitation 
seems doubtful. 

For separation of saccharide mixtures and for testing the homogeneity 
of preparations obtained, paper chromatography and, on a larger scale, 
the Tiselius adsorption apparatus have been successfully applied."* 

{B), Nonfermentable or Slowly Fermentable Products, Since starch and 
glycogen contain not only the ‘^normal” maltose linkages, which under 
certain circumstances are split by the amylases, but also ‘‘anomalous” 
1,6 linkages (isomaltose linkages) to a lesser extent, which are not, or at 
the utmost are extremely slowly attacked by amylases (a-amylases), 
there are formed from the natural substrates besides the fermentable 
sugars reducing degradation products also containing 1,6 linkages. These 

>*• D. Keilin and E. F. Hartrec, Biochem, J. 42, 230 (1948). 

K. Myrbftck and E. I^eissner, Arkiv Kemi Mineral, Geol, 17A, No. 18 (1943). 

*** J. Blom and C. O. Rested, Acta Chem, Scand, 1, 233 (1947). 

B. Ortenblad and K. Myrb&ck, Biochem, Z. 808, 335 (1940). 

A. Tiselius and L. Hahn, Kolloid-Z, 105, 177 (1943). 
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include the so called limit dextrins. The simplest product of this kind is 
isomaltose, 6-a-gluco8idoglucose. It is formed from starch after prolonged 
action of certain amylases.***-'** Isomaltose is fermented extremely slowly 
if at all by ordinary yeasts. The fermentation rate is so slow that no con¬ 
fusion with maltose is possible. 

In addition to isomaltose the formation of nonfermentable saccharides 
containing one isomaltose linkage together with one or more normal malt¬ 
ose linkages is to be foreseen. A trisaccharide containing one maltose and 
one isomaltose linkage was isolated and characterized by Myrb&ck and 
Ahlborg**® (type A, Fig. 3). 

No doubt saccharides with one, or possibly in rare cases more than one, 
isomaltose linkage together with a certain number of maltose linkages 
constitute the mixture of nonfermentable saccharides, left over by the 
amylases, which has been designated for many years “residual dextrins” 



Fio. 3. Different types of reducing dextrins. In this and the following figures of the 
same kind the glucose residue is represented by an arrow, the arrowhead denoting 
carbon atom 1. The normal maltose linkage is represented by the combination ar¬ 
rowhead-arrowtail, the anomalous isomaltose linkage arrowhead-arrowshaft. (A) 
Trisaccharide with one maltose and one isomaltosc linkage; (B) - (D) Anomalous 
a-dextrins; (E) normal a-dextrin; (F) maltose; (G) isomaltose. 

or “limit dextrins.”'** It is certainly not improbable that such limit dex¬ 
trins may partly contain branched chains (type B, Fig. 3), even if no such 
products have been identified as yet. But saccharides of this type will 
certainly appear among the products of incomplete degradation with a- 
amylases (a-dextrins). In this case, furthermore, we have to consider the 
occurrence of products with more than one isomaltose linkage, which may 
or may not signify the existence of more than one side chain (types C and 
D, Fig. 3). In incomplete degradation of starch or glycogen, especially in 
the case of starch, products will also occur having nmltose linkages ex¬ 
clusively (type E, Fig. 3). The author has termed such dextrins “normal 

"• K. Ahlborg and K. Myrbkck, Biochem. Z. 908, 187 (1941). 

'*»E. M. Montgomery, F. B. Weakley, and G. E. Hill^rt, J. Am. Chem. Soc. 68, 
2249 (1947); 71, 1682 (1949). 

'»• K. Myrb&ck and K. Ahlborg, Biochem. Z. 907, 69 (1940). 

K. MyrbSck, Svenek Kem. Tid. 68,119 (1946). 
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a-dextrins” in contradistinction to the “anomalous a-dextrins” (A-D, 
Fig. 3) containing isomaltose linkages. 

If a dextrin has been isolated in homogeneous form (which admittedly 
is difficult to prove), its constitutionmay be ascertained in the conventional 
way by methylation, hydrolysis, and identification of the hydrolysis prod¬ 
ucts. The number of isomaltose linkages and the number of end groups can 
in any case be obtained. It is difficult, however, to determine the position 
of the isomaltose linkages and the side chains, respectively. In some cases 
oxidation with periodic acid will give information concerning the position 
of the branching points.*** 

5. Substrate Preparations 

Raw starch granules are generally very resistant to amylase action 
(page 720), and solutions or pastes have to be used. The solutions may be 
prepared in the ordinary way by boiling or autoclaving or by dissolving 
the polysaccharide in sodium hydroxide and adding anetic acid in excess, 
calculated to give the desired pH. In many cases different types of “soluble 
starches” may be used with advantage. It would seem that products 
prepared by action of acids on starch (Lintner starch and the like) are to 
be preferred to substances like Zulkowski starch or products obtained by 
dry heating of starch. The Zulkowski starch contains chemically bound 
glycerol*** and dry-heated products may easily contain anhydrides. The 
Lintner starches, when sufficiently treated with acid, do not “retrograde,” 
and the complications introduced by this phenomenon are avoided. 

Otherwise the retrogradation of the substrate may play a role in experiments with 
amylases, and special difficulties arise in the case of amylose on account of its low 
solubility and tendency to * ^retrograde.’’ It is well known that amylose solutions, if 
not extremely dilute, are unstable; they turn turbid and finally deposit amylose in a 
more or less crystalline state. The solid amylose is not accessible for the enzymes, 
and it may well be that even submicroscopic particles are more or less stable against 
enzyme action. This point has been stressed by Meyer et al. and others.*** The fact 
that several authors have found incomplete saccharification of amylose by /9-amylase 
may be caused by retrogradation of the substrate (provided it was free from amylo- 
pectin). Meyer has devised experimental procedures in which the retrogradation of 
the substrate is prevented as far as possible; amylose is dissolved in weak sodium 
hydroxide solution and this solution is added drop by drop to a strong solution of 
the amylase preparation in a buffer solution of suitable pH and a concentration cal¬ 
culated to give no serious change of the pH on introduction of the alkaline substrate 
solution. Methods of this kind are useful especially when the purpose is the deter- 


*** K. Ahlborg, Sven$k Kern. Tid, 64, 205 (1942). 

Berner and F. Melhus, Ber. 66, 1333 (1933). 

K. H. Meyer, £. Preiswerk and R. Jeanloz, Htlv, Chim. Acta 24, 1395 (1941). 
P. Bernfeld and P. QUrtler, ibid, 81, 106 (1948). G. Noelting and P. Bernfeld, ibid, 
81, 286 (1948). R. H. Hopkins, B. Jelinek, and L. £. Harrison, Biochem, J, 48, 32 
(1948). 
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mination of the limit of saccharification. On the other hand this method has the 
disadvantage that, since the substrate is brought into contact with the enzyme grad- 
ually, kinetic measurements and studies of intermediary products are rendered 
difficult. Generally only the last, and sometimes least interesting, phase of the re¬ 
action can be determined with accuracy. 

If in a certain experiment the enzyme action ceases because of retro- 
gradation of the substrate, it is clear that undegraded substrate must be 
present. In experiments with /9-amylase it is admittedly difficult to decide 
if this is the case, but otherwise it should be easy. If in experiments with 
a-amylase the iodine test is negative (in a boiled and chilled sample) there 
can have been no retrogradation, causing stability against the amylases. 

6. Buffer Solutions 

Certain ions, especially the halogen ions, have a powerful activating 
action on animal amylases (page 691). However, most of the common 
buffer substances seem to exert no specific actions, at least not at th§ pH 
optimum. Since the action of the amylases is appreciable only between 
pH 3 and 9 most of the pH range in question is covered by the usual ace¬ 
tate and phosphate buffers, which seem to have only a nonspecific effect 
due to acidity. 

Phosphate and certain other buffers are of course unsuitable in experiments on 
inhibition by heavy metals for instance, since the metal may be precipitated by the 
buffer ions. Acetate causes no disturbances of this kind. The buffer should not inter¬ 
fere with the sugar determinations. Borate buffers may be regarded as somewhat 
suspicious in this respect. Besides, borate has a retarding effect on some amylases. 

The amylases in general are extremely sensitive to inactivation by heavy 
metals, especially copper. Even traces of copper arising from defective 
tinning of a still for instance, may cause very severe poisoning. Poisonous 
effects of this kind are strongly dependent on the purity of the enzyme 
preparation. 


7. Units of Activity 

The fimdamental method for determination of amylase activity is the 
determination of the increase in reducing groups. In the case of /S-amylase 
this is the only practicable method. With a-amylase all three methods 
mentioned above are complementary to each other. If the object of the 
investigation is the mechanism of a-amylase action, the determination of 
the reducing value in any case must be applied, but if the experiment is 
only a means for determination of the enzymatic activity or ‘‘amount of 
enzyme,” any of the three methods can be of value. It is only necessary 
to find an expression for the velocity of the reaction which is proportional 
to the enzyme concentration. The increase in reducing value in experiments 
with starch or other substrates is proportional to the enz 3 rme concentration 
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for all kinds of amylases, but it must be remembered that this holds strictly 
only for relatively small degrees of hydrolysis. 

Since the mechanism of amylolysis is rather complicated and differs among amyl¬ 
ases from different sources it seems best to avoid all expressions of the reaction 
velocity based on theories regarding the type of reaction. There is, for example, no 
reason why enzymatic amylolysis should be of the monomolecular type. When the 
sole object of the investigation is to find an accurate and well reproducible expres¬ 
sion for the reaction rate it seems best to limit the determination to the very first 
stages of the reaction where, under defined conditions, the number of re¬ 
ducing groups set free by the enzyme is directly proportional to the reaction time. 
In this case the expression: 

per cent hydrolysis/f 
is used as a measure of the velocity. The expression: 

per cent hydrolysis/f^ 

is a measure of the activity of the enzyme preparation, if g is the amount of enzyme 
used in the experiment. The reducing values may of course be calculated as mg. 
glucose, or mg. maltose, etc. 

Even if the calculation of a reaction constant has no theoretical foundation it 
has been shown that the course of amylolysis in many instances is, to a certain stage 
of hydrolysis, approximately monomolecular. The monomolecular reaction constant, 
A-, in these cases, may be used as a measure of the reaction rate and the value k/g as 
a measure of the activity of the enzyme. The SJ unit (saccharifying faculty) of von 
Euler and Svanberg and the ^‘Amylasewert^* of W’illstatter are units of this kind.*®* 
They have a certain practical value since a relatively large portion of the hydrolysis 
curve can be used in the calculation, but theoretically they are by no means to be 
preferred to expressions of the type ‘‘mg. maltose/min.*' This is illustrated for in¬ 
stance by the fact that in the formula: 



the value of a to be used is not 100, if x is calculated as per cent hydrolysis, but a 
lower value thought to correspond to the “saccharification limit** of the amylase 
preparation. In the Willstatter determination the value 75 is used. In the case of 
/3*amylase one would have to use, ceteris paribus^ the value 60, or perhaps an even 
lower value. 

A word must be said about the determination of p- and a-amylase when 
mixed as in malt extracts. This problem has been completely treated by 
Sandstedt, Kneen, and Blish.^**^ The Wohlgemuth values for a certain 
amount of a-amylase are shown to depend on the presence of jS-amylase. 
a-Amylase, therefore, is determined colorimetrically in one experiment 
in presence of a large excess of ^S-amylase. In this case the “decoloration 
time*^ is really a measure of the a-amylase activity. Since there is a con¬ 
stant ratio between the a-amylase activities as determined by the colori- 

”* II, M. Sandstedt, E. Kneen, and M. J. Blish, Cereal Chem, 16, 712 (1939). L. E. 
Ehrnst, G. J. Yakish, and W. Olson, ibid, 16, 724 (1939). 
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metric method on one hand and by the reduction method on the other, 
it is possible to calculate a “saccharification equivalent” of ot-amylase. 
When, in a second experiment, the total saccharifying power is determined 
by the reduction method the true /3-amylase activity of the preparation 
is obtained by subtraction of the “saccharification equivalent” of the 
a-amylase. 


m. Chemical Nature of Amylases'** 

As far as we know at the present time all amylases like other hydrolases 
are proteins without discernible prosthetic groups. The pure enzyme prepa¬ 
rations give the usual protein reactions. Earlier statements to the con¬ 
trary are to be regarded as erroneous.*" 

The amylases are thermolabile, but the heat stability varies markedly 
with the type of amylase and with the degree of purity of the enzyme 
preparation. Indication of so-called optimum temperatures has little mean¬ 
ing. The velocity of the substrate degradation increases with temperature 
in the usual way. Instability of amylase preparations may be caused by 
accompan 3 ring proteolytic enzymes attacking the amylase proteins.*” 

The activity-pH optima have different positions and the activity-pH 
curves different shapes with different amylases. This is doubtless a conse¬ 
quence of the fact that the different amylase proteins have different iso¬ 
electric points, but the connection is not at all clear. Animal amylases are 
activated in a characteristic manner by certain negative ions (page 691). 

1. Exoamtlase, /3-Amylase 

This enzyme occurs abundantly in seeds and certain other parts of 
higher plants; the common cereals generally are rich in /3-amylase, some¬ 
times enzymatically almost homogeneous but often mixed with small 
amounts of a-amylase and other enzymes. The not infrequent presence of 
maltase may cause mistakes concerning the degradation products and the 
mechanism of the action. In certain materials phosphorylases may interfere 
with the amylase determination. Since the a-amylase of the cereals is 
formed or activated during germination, ungerminated samples should 
be luscd for the preparation of /S-amylase. However, the removal of con¬ 
taminating a-amylase is easy. Ohlsson'*-** *®* found that a-amylase is much 
more sensitive to acid than is /3-amylase, and on his results Blom*" and 
Kneen *" and associates have based convenient methods for the preparation 
of barley or wheat i3-amylase free from a-amylase. Contaminating a-amyl¬ 
ase may be derived from the microflora on the grains.*" 

"*E. Waldschmidt-Ieitz and M. Reichel, Z. phynol. CKem. SOi, 197 (1932). 

E. H. Fischer and P. Bemfeld, Helv. Chim. Aeta U, 1839 (1948). 

>*• J. Blom, A. Bak, and B. Braae, Z. pkyaM. Chem. 241, 273 (1936). 

**• E. Kneen, R. M. Sandstedt, and C. M. Hollenbeck, Cereal Chem. 90,399 (1943). 

••• R. H. Hopkins and T. P. 8. Cooper, J. Itul. Brewing 89, 188 (1946). 
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, a. Barley fi-Amylaae 

Barley is probably the most widely used raw material. Different barley 
varieties show distinct differences in amylase content Six-row barley 
is generally much richer in amylase than is two-row barley. The /3-amylase 
is extracted from ground barley with water or dilute salt solutions with 
toluene or thymol as disinfectant. A substantial part of the enzyme of the 
grains is inactive and insoluble in water.^**”"^*^ The “latent’* enzyme, which 
evidently is bound to insoluble protein, can be activated and brought "into 
solution with proteolytic enzymes, especially papain. Treatment of barley 
meal with papain solution (if necessary activated with hydrogen cyanide) 
results in highly active solutions, which, however, are rich in nitrogenous 



substances. Short extraction of the barley meal with cold water yields 
solutions of higher activity per mg. nitrogen. 

In germinated barley, i.e., malt, all /3-amylase is active and water soluble. 
The total amount of /8-amylase, however, does not increase materially 
during germination, though the activity of a water extract of the barley 
increases 2 to 3 times because of the proteolytic liberation of the “latent” 
enzyme. Because of the simultaneous formation or activation of a-amylase, 
extraction of barley malt yields a mixture of /8- and a-amylase. This mix¬ 
ture was regarded earlier as a single enzyme and termed “malt amylase.” 
The two enzymes in malt extracts can be separated by partial inactiva- 
tion®*’****®*’*** or by adsorption technique.^®* 

K. Myrb&ck, Enzymologia 280 (1936-1937). 

E. Kneen and H. L. Hads, Cereal Chem, 22, 407 (1945). 

»»» J. L. Baker and H. F. E. Hulton, /. Chem, Soc, 121, 1929 (1922). 

K. MyrbiUik and B. Ortenblad, Enzymologia 2, 305 (1937). 

S. R. Snider, Cereal Chem, 18,186 (1941). 
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Linder8tr0m>Lang and EngeP^^ have studied the distribution of amylase in the 
outer parts of the barley grain. The aleuron cells do not contain much enzymci but 
the layer between these and the endosperm cells are rich in /9>amylase and contain 
about 15% of the total amount in the grain. 

The pH optimum of barley and malt amylases and most other cereal 
amylases lies at about pH 5 and is fairly broad (Fig. 4). The influence of 
variation of the buffer anion on the enzyme of wheat has been studied by 
Ballou and Luck.^^^ No effect is found at the pH optimum but on the acid 
side a specific influence is observed (Fig. 5). 

The inactivation of /3-amylase by chemical reagents has been investigated 
by Weil and Caldwell^" and others.*" They found an inactivation by 
nitrous acid, which, however, was abolished by hydrogen sulfide. These 
and other experiments suggest that sulfhydryl groups are essential to the 
enzyme action. Iron salts have little effect on the enzyme.*" 



Fio. 5. Activity-pH curves for ^-amylase at a constant ionic strength of 0.05 
and different buffer salts. Index of activity, reciprocal of time for the reduction of 2 
ml. of 0.05iV iodine,'*^ 


Osborne*" in 1895 stated that the amylase activity of barley accompanies 
the albumin fraction of the proteins. These experiments have been repeated 
with modem methods by Danielsson and Sandegren,**® who found that 
i3-amylase and, in the case of malt, both a- and jS-amylase, accumulate in 
the albumin fraction. The activity increased parallel to the purity of the 
albumin. The effect of the purification is seen in Table II. The purified 


0. Holmbergh, Svensk Kern. Tid. 49, 252 (1937). 

*”E. Waldschmidt'Leitz rfnd A. Purr, Naturunasen$chaften 90, 254 (1932). 

A. Purr, Biochem. J. 98, 1141 (1934). 

”•0. Holmbergh, Biochem. Z. 966, 134 (1933); 986, 203 (1933). 

Lind6r8tr0m-Lang and C. Engel, Enzymologia 8, 138 (1937). 

G. A. Ballou and J. M. Luck, J. Biol. Chem. 189, 233 (1941). 

C. E. Weill and M. L. Caldwell, J. Am. Chem. Soc. 67, 212, 214 (1945). 

C. Sherman, M. L. Caldwell, and 8. E. Doebbcling, J. Biol. Chem. 104, 
501 (1934). 

R. S. Potter, J. Soc. Chem. Ind. London 59, 45 (1940). 

B. Osborne, J. Am. Chem. Soc. 17, 587 (1896). 

C.-E. Danielsson and E. Sandegren, Acta Chem. Scand. 1, 917 (1947). 
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albumin solution can be concentrated by ultrafiltration, cooled to -16® 
and dried in a vacuum over anhydrous calcium sulfate to a stable amor¬ 
phous powder. The preparation is readily soluble in water and contains 
about 11% nitrogen. In the ultracentrifuge the albumin fraction behaves 
like a single substance with sedimentation constant 820 = 4.6S. This value 
was found to be independent of divergences in the scheme of preparation. 
Electrophoresis in the Tiselius-Svensson apparatus showed that the two 
enzymes have the same mobility over most of the pH range 4.4 to 8.2. 
At pH 8 and above small differences appear. The isoelectric point of both 
enzymes is 5.75, coinciding approximately with the activity optimum. 
The almost identical behavior of the two enzymes (and presumably the 
enzymatically inactive barley albumin) is somewhat surprising since they 


TABLE II 

Amylase Activity of Barley and Malt Albumin 


Source 

Dry substance, 

% 

Saccharifying 1 
power*** 

Dextrinizing 

pow'er*** 

! 

Malt from six-row barley 

Barley albumin solution 

: 93 

680 

770 

1 1 

1.30 

5,400 

0 

2 

Malt albumin solution 

0.82 

7,800 

0 

1 

1.30 

12,600 

12,000 

2 

1.27 

1 13,400 

15,400 

3 

1.15 

i 20,500 

25,600 

4 

0.85 

32,600 

37,500 

5 

j 0.72 

1 45,600 

51,400 

6 

1 0.55 

j 59,800 

67,100 

7 

i 0.52 

i 63,700 

60,400 


have very different heat stabilities and can be easily separated by adsorp¬ 
tion. 

b. Wheat ^-Amylase 

Wheat is rich in /9-amyIase*** and the enzyme content is of the same magnitude as 
in barley. The effect of wheat variety and environment on the amylase content has 
been studied by Kneen et al. and many others.*** In the early stages of ripening 
both and a-amylase are said to be present, but the o-amylase vanishes during 
ripening and is not present in the ripe kernel.**® *** It appears again during germina- 

*** W, Windisch and P. Kolbach, Wochschr, Brau, 42, 139 (1925). 

**• F. W. Geddes, Advances in Enzymol 6, 415 (1946); J. E. Anderson, Enzymes 
and Their Role in Wheat Technology; Interscience, New York, 1946. C. H. Bailey, 
The Constituents of Wheat and Wheat Products; Reinhold, New York, 1944. 

*<» E. Kneen, B. 8. Miller, and R. M. Sandstedt, Cereal Ckem. 19, 11 (1942), 

**® P. S. Ugrttmow, Biochem, Z, 282,74 (1935). 

*** S. Schwimmer, Cereal Chem. 24, 167 (1947). 
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lion. The amount of |9-amylase increases during a short period of the ripening and 
then decreases again, because the enzyme is transformed into the inactive, * latent” 
form.*** As to the distribution of /5-amyIase in the wheat grain Engel*** found no 
enzyme in the aleuron cells but much in the subaleuronic layer. The amylase content 
of the endosperm is fairly low, increasing outward. There seems to be no correlation 
between the number of mitochondria and amount of amylase (or of esterase 
or protease).*** 

Wheat amylase may be extracted and treated as the barley enzyme.*** During 
germination a-amylase appears just as in the case of barley.*** The pH curves of the 
two wheat amylases are almost identical with the corresponding curves of the barley 
enzymes.*** •**• 

The amylases are, of course, important constituents of wheat flour, playing a 
role for instance in bread making. 

c. Amylase in Other Cereals 

The /9*amylase content of rye is of the same magnitude as that of barley and 
wheat.*** a-Amylase appears during germination. The pH optimum of rye /^-amylase 
was found*** to be about 4.0, a little to the acid side of the /9-amylase optimum gen¬ 
erally found. The two amylases in oats are very similar to the corresponding en« 
zymes in the cereals mentioned above.*** 

Maize, rice,*** and sorghum have a very low amylase content. Even sorghum malt 
contains a small amount of /9-amylase together with larger amounts of a-amylase. 
The enzymes are similar to those of barley malt.*** 

d. fi-Amylase in Soybeans 

Soybean seeds are a good source for ^-amylase. The enzyme is completely 
water soluble and only traces of a-amylase are present.***-*** Data on the 
purification of soybean amylase, its inactivation, etc, have been published 
by Newton et a/.'*^'^** 


e, 0-Amylase of Ipomoea batatas 

Sweet potatoes are very rich in amylase and the enzyme is a ^-amylase 
practically free from other amylases. The enzyme has been successfully 
purified and crystallized by Balls et ol.^** 

*** C. Engel, Biochim. et Biophye, Acta It 42 (1947). 

*** C. Engel and L. H. Bretschneider, Biochim, et Biophye, Acta It 367 (1947). 

*** M. J. Blish, R. M. Sandztedt, and D. K. Meecham, Cereal Chem. 14t 328 (1937). 

*** J. 8. Andrews and C. H. Bailey, Cereal Chem, 11» 551 (1934). F. C. Hildebrand 
and G. M. Burkert, ibid, 19, 27 (1942). £. Kneen, ibid, 81, 304 (1944). 

**• T. Stenstam, C. O. Bjdrling, and E. Ohlson, Z, physiol, Chem, 889, 205 (1934). 

**^ D. A. Coleman, 8. R. Snider, and H. B. Dixon, Cereal Chem, 11,523 (1934). 

*** E. Ohlson and C. £. Uddenberg, Z. physiol, Chem, 881, 165 (19^). 

*** E. Ohlson and O. Edfeldt, Z, physiol, Chem, 881, 174 (1933). 

K. V. Giri and A. Sreenivasan, Biochem, Z, 889,155 (1937); 890,428 (1938). 

*« E, Kneen, Cereal Chem, 88, 112 (1945). 

*•• J. M. Newton and N. M. Naylor, Csreof Chem, 16,71 (1939). 

*•• 8. Laufer, H. Tauber, and C. F. Davis, Cereal Chem, 81, 267 (1944). 

*** V. D. Martin and J. M. Newton, Cereal Chem, 16, 456 0938). J. M. Newton, 
R. M. Hixon, and N. M. Naylor, ibid. 80,23 (1943). 

*^* A. K. Balls, R. R. Thompson, and M. K. Walden, J. Biol. Chem, 168,571 (1946); 
173, 9 (1948). 



19 AMYLASES AND THE HYDROLYSIS OF STARCH AND GLYCOGEN 681 


The washed and coarsely ground tubers are squeezed dry in a hydraulic press. 
The juice which contains practically all the enzyme is heated to 60-66®, cooled, and 
stored for 4 days at 3-4®. It is then treated with enough lead acetate to precipitate 
about a quarter of the enzyme. The filtrate is precipitated by ammonium sulfate 
at 0.7 saturation and the precipitate collected as a paste. 250 g. of this paste is dis- 
'solved and refractionated with ammonium sulfate. The final precipitate is dialyzed 
in cellophane under toluene for 2 days, diluted to 200 ml., and filtered. It is made 
0.2 saturated with ammonium sulfate, the pH is brought to 5.0, and any precipitate 
is filtered off. The solution is then brought, at a temperature of 8-10®, to pH 3.25 to 
3.30 and centrifuged. The supernatant is brought to 0.25 saturation with ammonium 
sulfate and to pH 3.6 to 3.7. Seed crystals are added, the mixture is stirred at room 
temperature, and ammonium sulfate solution is slowly added to 0.4 saturation. The 
crystals formed are easily separated from amorphous material owing to their high 
density. The crystals are dissolved in water and recrystallized at pH 3.6 by addition 
of ammonium sulfate. 

Slowly formed crystals are tetragonal prisms capped by pyramids. 
They are free from a-amylase, maltase, and phosphatase (the latter occurs 
in great amounts in the raw material). 

There is no indication that the pure enzyme is a metal protein or con¬ 
tains any light-absorbing prosthetic group. The protein contains 15.1% 
nitrogen, 0.83% amino nitrogen, and 1.16% amide nitrogen. The tyrosine 
content (7%) is higher than usual; the cysteine content is low. The nitro- 
prusside test is negative even after reduction with cyanide; in ^he presence 
of guanidine it is positive but is not increased by hydrogen cyanide. The 
heat-coagulated protein also gives a positive test. It is suggested that all 
sulfhydryl and disulfide groups are masked and that a large proportion of 
the sulfur exists as sulfhydryl. 

The enz 3 ane has a broad pH optimum. In acetate and citrate buffers the 
activity is rather constant in the pH range 4-5. The enzyme is inactivated 
by ascorbic acid.'** 


2. Amylokinase 

Waldschmidt-Leitz and Purr^*' in 1931 reported the existence in germinating 
barley of a natural activator, called amylokinase, which was said to activate both 
plant and animal amylases. Later on the same authors'** found that the reported 
action on animal amylases was due to contaminating salts. Weidenhagen'** found 
no activation of partly purified malt enzymes and suggested that the observed ac¬ 
tion on crude preparations was due to removal of inhibiting substances. Hills and 
Bailey'^* could not confirm the existence of an amylokinase in green malt. They 
point out that papain increases the activity of barley extracts, which as mentioned 
above is caused by proteolytic release of the **latent” amylase. 


'** P. Seshagirirao and K. V. Giri, Ptoc, Indian Acad» Sci. 16Bt 190 (1942). 
E. Waldschmidt-Leitz and A. Purr, Z. physiol. Chom. 208, 117 (1931). 
E. Waldschmidt-Leiti and A. Purr, Z. physiol. Chsm. 218, 63 (1932). 

R. Weidenhagen, Z. Ver. dent. Zucksr-Ind. 88 , 505 (1933). 

C. H. Hills and C. H. Bailey, Cereal Chem. 16, 273 (1938). 
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3. Amylase Complement 

Pringsheim et aiy*^ observed that limit dextrin preparations, isolated after deg¬ 
radation of starch with amylases, were digested by mixtures of the amylases with 
yeast and many other materials, whereas the amylases alone had only a slight ac¬ 
tion. They claimed the existence of an *'amylase complement,” which was supposed 
somehow to enable the amylases to saccharify the otherwise almost stable limit 
dextrins. Several other authors,'^**”* however, were unable to confirm these results, 
and it seems rather superfluous at the present time to discuss this question again. 
Analytical errors may have played a role in certain of Pringsheim’s experiments, 
and the positive effects, which were sometimes observed also by other investigators, 
are probably due either to increased stability of the amylases or to the presence of 
phosphorylases. The complement question may have something to do with the 
phenomena observed'^* when living yeast is present in amylase-substrate mixtures 
{vide infra). 


4. Amylases and Living Yeasts 

It is an old observation made in the fermentation industries that the yield of 
alcohol from starch conversion mixtures is considerably higher when the yeast Acts 
in presence of active amylase than when the yeast acts alone. An explanation would 
be that the removal of the fermentable substances from the conversion mixture 
facilitates the slow saccharification of the limit dextrins. However this is probably 
of secondary importance, since isolated limit dextrins are only extremely slowly 
attacked by the amylases. Another explanation would be that the yeast or sub¬ 
stances originating from the yeast activate or stabilize the amylases, but no precise 
information on this point is available. The problem is of great interest for the alco¬ 
hol industries but only a few attempts have been made to attack it from a scientific 
point of view. Hopkins et and Pigman*’* have proved that yeast act¬ 

ing on starch in the presence of different amylases in several cases yields an amount 
of alcohol which corresponds to a tolerably complete conversion of the starch into 
fermentable substances. According to Pigman this result is obtained with cereal 
a-amylases and fungal amylases, but not with /9-amylase, animal amylases, or bac¬ 
terial amylases. 

Kneen and SpoerP^^* assume the existence in malt of a third carbohydrase, "limit 
dextrinase,” converting unfermentable dextrins to fermentable sugar. 

A fact which may possibly be connected with these phenomena is that starch and 
most dextrins, including limit dextrins, are readily fermented by dried yeasts and 
yeast juice.^^* In these cases the phosphorolytic degradation of the carbohydrates 

H. Pringsheim and K. Schmalz, Biochem. Z. 142 , 108 (1923). H. Pringsheim and 
V. Fuchs, Ber. 66 , 1762 (1923). H. Pringsheim and A. Beiser, Biochem. Z. 148 , 336 
(1924). H. Pringsheim and G. Otto, ibid. 178 , 390 (1926). H. Pringsheim and M. 
Winter, ibid. 177 , 406 (1926). H. Pringsheim, J. Bondi, and E. Thilo, ibid. 197 , 143 
(1928). J. Bondi, ihid. 208 , 88 (1928). H. Pringsheim, H. Borchart, and H. Hupfer, 
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is probably a prerequisite of the fermentability. The fact that the same substrates 
are not at all attacked'by living yeast is doubtlessly connected with the permeability 
of the living cell. 


5. EnDOAMYLASES, a-AMYLASES 

a. Animal a-Amyloses 

(!) Salivary Amylase, Occurrence, The presence of an amylase in human 
saliva was demonstrated in 1831 by Leuchs.^^® The name ‘‘ptyaline/^ 
sometimes used even today, was introduced by Berzelius. 

The amylase content of human saliva is very high; the enzyme is found 
also in the saliva of several animals including ape, pig, guinea pig, squirrel, 
mouse, and rat,^^^ but seems to be absent or almost absent in others as cat 



Fig. 6 . Crystals of human salivary amylase X730. This and the following micro¬ 
graphs have kindly been placed at the authors disposal by Dr. H H. Fischer, Geneve. 

and dog,'’* sheep, goat,'’® and horse.'*® Human saliva contains about 0.33% 
organic material and about 0.15% sodium chloride. Many other inorganic 
ions are present, among them about 0.1 Voo rhodanate. The amyl¬ 
ase saliva is remarkably stable. Saliva can be stored for months in the pre¬ 
sence of thymol. 

Purification and Isolation. A partly purified enzyme w^as prepared by Myrback^*' 
by adsorption on aluminum hydroxide, elution with phosphate buffer, and dialysis. 
The activity waa about 26 times that of saliva, calculated on dry weight basis. 

E. F. I.<euch8, Poggendorff^s Ann. Phys. Chem. 22, 623 (1831). 

E. W. Cohn and M. H. Brookes, J. Biol. Chem. 114, 139 (1936). 

L. B. Mendel and F. P. Underhill, J, Biol. Chem. 3, 136 (1907). 

C. Schwarz and K. Steinmetzer, Fermentforsch. 7, 229 (1924). 

'••T. Matsuoka, Bull. Agr. Chem. Soc, Japan 13; 87 (1937). 

»•» K. Myrbick, Z. physiol. Chem. 162 , 1 (1926). 
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Human salivary amylase has recently been isolated in crystalline and 
presumably pure form by Meyer ei al}^ The yield is excellent (50%; after 
recrystallisation, 30%). (Fig. 6). 

Saliva (1.6 1.) is precipitated with 48% acetone and the precipitate is rejected. A 
second precipitate is obtained at pH 6.3 with 70% acetone. The solution of this 
precipitate (350 ml.) is precipitated again in the presence of sodium acetate with 
50% acetone and the precipitate rejected. The enzyme is precipitated with 70% 
acetone and the precipitate is dissolved in 250 ml. water. The pH is adjusted to 8.0 
with ammonia and made 0.455 saturated with ammonium sulfate. The precipitate 
is dissolved in 80 ml. water, brought to pH 8, and made 0.40 saturated with ammo¬ 
nium sulfate. The solution of the precipitate in 40 ml. water is brought to pH 7 and 
precipitated with 52% acetone. The precipitate is discarded, 1 g. sodium acetate is 
added to the solution, and the amylase is precipitated with acetone to 70%. The 
solution of the precipitate in 15 ml. water is freed from sulfate by means 
of 3 g. Amberlite IR-4B and precipitated with 70% acetone. The precipitate is dis¬ 
solved in 2 ml. 0.1 N sodium hydroxide. The enzyme crystallizes in the cold. The 
crystals are centrifuged oflf, washed with small quantities of ice-cold 30% acetone, 
and dissolved in a small quantity of water with enough sodium hydroxide to bring 
the pH to 11. The solution is then neutralized with acetic acid and filtered. Crystal¬ 
lization occurs as above. After three recrystallizations the mother liquor has the 
same degree of purity as the crystals. 

Properties of the Crystalline Enzyme, In electrophoreBia the preparation 
behaves as a single substance. It gives the ordinary protein reactions, 
coagulates on heating, and is irreversibly inactivated by trichloroacetic 
acid.'** The protein contains 15.8% nitrogen and 0.01% phosphorus. 
Since the molecular weight is lower than 45,000 it must be concluded that 
the en 23 rme protein is free of phosphonis. The solubility in water at pH 
8.5 (ammonia) is about 0.3%. The electrophoretic mobility at pH 10.14 
is 3.75 X lO”** cm.* sec.“' volf*. The ultraviolet absorption spectrum has 
a maximum at 280 m^ and an inflection at 292 mM. Some properties of 
crystalline amylases are summarized in Table III. 

Salivary amylase is activated by chloride and certain other anions, and 
the activation depends in a characteristic manner on the pH of the solution. 
Since the same phenomena are met with also in the case of other animal 
amylases, they will be dealt with later on. The pH optimum in the presence 
of sodium chloride is 6.9. Apart from the ions mentioned no dialyzable 
activators of the enzyme are known. The crystalline enzyme does not lose 
any activity on dialysis provided sodium chloride is present in the activity 
assay. 

The crystalline enzyme is extraordinarily stable'** at room temperature 
in the pH range 5-11. Partly purified preparations are slowly inactivated 

»”K. H. Meyer, E. H. Fischer, P. Bernfeld, and A. Staub, Experientia 3, 455 
(1947). K. H. Meyer, E. H. Fischer, A. Staub, and P. Bernfeld, Help, Chim, Acta 31, 
2158 (1948). 

P. Bernfeld, A. Staub, and E. H. Fischer, Htlv. Chim. Acta, 31,2165 (1948). 
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by trypsin and still more slowly by papain-H 2 S.^*^ Pepsin destroys the 
enzyme completely.^** 

The action of salivary amylase on the natural substrates seems to be 
identical with that of pancreatic amylase. However, this does not mean that 


TABLE III 

Properties of Crystalline ct Amylases® 


! 

Properties 

•Malt 

B. suhtilis 

Swin'i 1 
pan- 1 

Human 

Human 



' 

creas j 

pancreas 

saliva 

Activity/mg. .. 

1300 

3600 

4000 ! 

6200 

6200 

Per cent N. 

13.4 

14 

15.8 ; 

15.8 

15.8 

Per cent P. 

0.01 

0.01 

0.05 : 

0.01 

0.01 

Per cent S . . . 

0.4 

? 

0 I 

0 

0 

Sulfhydryl groups. 

-4- 

— 

_ 1 

— 

_ 

Optimum pH'*. 

5.3 

5.3-6.8 

6.9 ! 

6.9 

6.9 

pH stability range . 

Solubility at 2®, % 

4.8-8.0 

4.8-8.5 

7-8.5 ! 

4.8-11 

4.8-11 

pH 6.5 



0.22 i 

very low 

' very low 

pH 8.5 . 

10 

1 6 

6 ‘ 

0.3 

! 0.3 

pH 11 . . 1 


i 

! • • 

' 

readily 

i readily 





soluble 

j soluble 

Molecular weight . . 

Electrophoretic mobility, cm.* 

SO.SOO*' 

i 

, 45,000; 


1 

8ec.*"‘ volt~* 10* 


; 




pH 6.5. 



'■ 1.8 ! 



pH 7.9 . 

3.2 

3.2 

i 3.1 

3.3 

3.3 

pH 10.1. 



; 3.55 ■ 


3.75 

Activation by XaCl... 

: — 

-f 

i -h ■ 

4- 

4- 

Saccharogcnic 

I^xtrinogenic 

; 9.8 

! 

9.Sdb0.2 

9.8 ' 

9.5 

9.6 


® This table appeared in a lecture at the International Congress of Biochemistry* 
Cambridge, England, 1949, by Dr. E. H. Fischer, Geneva, who kindly permitted 
us to use it in this paper. 

* By reductomctric method used by K. H. Meyer et aL 

* In the presence of optimum concentration of sodium chloride. 

^ Osmotic method by Balls and Schwimmer (p. 695). 

* Dextrinogcnic power by iodine coloration method. 

all animal amylases arc identical (Table III). Meyer concludes that animal 
amylase action on starch is identical also with that of malt a-amylase; 
this, however, is not quite correct*** (page 711). Concerning the limit 
dextrins produced by salivary amylase, see Myrback et Crude saliva 

H. Tauber and I, S. Kleiner, J. Biol. Chem. 105, 411 (1934). 

»** H. Ninomiya, J. Biochem. Japan SI, 421 (1940). 

*** C. S. Hanes and M. Cattle, Proc. Roy. Soc. London Bi26, 387 (1938). 

K. Myrbilck, B. Ortenblad, and W. Thorsell, Biochem. Z. SIO, 424 (1944). 
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has the same action on starch as the crystalline enzyme, no other starch¬ 
splitting enzymes being present.*®^*. 

(2) Pancreatic Amylase, Occurrence, The presence of amylase in human 
pancreatic juice was demonstrated in 1845 by Bouchardat and Sandras.*** 
The amylase content of the pancreas is far greater than that of any other 
organ. The pancreas of the pig is also rich in amylase; the enz 3 rme content 
of cattle, sheep, and dog pancreases is lower. 

(a) Amylase of Swine Pancreas. Purification and Isolation. Fundamental work 
on this subject was carried out by Sherman and associates**® and later on by Will- 
statter and pupils.*®® The latter investigators state that their most active prepara¬ 
tions did not give an}' protein reactions,*® which must be a mistake. The enzyme 
solutions which were tested were probably too dilute to give any color reactions. 
Contrary to this, Sherman ei al. found that their best preparations, which probably 
had about twice the activity of the Willstattcr and Waldschmidt-Leitz preparations, 



Fio. 7. Crystals of pig pancreatic amylase X220 

were protein in nature. They gave the ordinary protein reactions and contained 
about 15% nitrogen, 1% sulfur, and 0.8% phosphorus. 

In 1931 Caldwell, Bocher, and Sherman*®* announced, in a preliminary 
communication, the crystallization of pancreatic amylase. These results, 
however, were not confirmed. The amylase from pig pancreas was isolated 
in crystalline form in 1947 by Meyer et (Fig. 7). 

K. H. Meyer, F. Duckert and E. H. Fischer, Helv. Chim. Acta 38. 207 (1950). 

*** G. Bouchardat and Sandras, Compt. rend. 20, 143, 1085 (1845). 

>•» H. C. Sherman and M. D. Schlesinger, J. Am. Chem. Soe. 88. 1195 (1911). H. C. 
Sherman and M. Caldwell, ibid. 48. 2469 (1921). H. C. Sherman, M. Caldwell, and 
M. Adams, ibid. 48. 2947 (1926). H. C. Sherman, M. Caldwell, and M. Adams, J. Biol. 
Chem. 88 . 295 (1930). 

R. Willstatter and £. Waldschmidt-Leitz, Z. physiol. Chem. 128. 132 (1923). 
R. Willst&tter, E. Waldschmidt-Leitz, and R. Hesse, ibid. 126. 143 (1923); 142, 14 
(1924). 

*** M. L. Caldwell, L. Bocher, and H. C. Sherman, Science 74. 37 (1931). 

*** K. H. Meyer, £. H. Fischer, and P. Bernfeld, Experieniia 2. 362 (1946); 8. 106 
(1947). 
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A dry fat-free powder is prepared by treatment of the gland material with acetone 
and diethyl ether. This powder is quite stable. It is extracted with water, and im¬ 
purities (most of the proteases) are removed by precipitation with 50% acetone. 
The crude amylase is then precipitated with 64% acetone. The solution of the ac¬ 
tive precipitate is brought to 0.325 saturation with ammonium sulfate. The solution 
of the material so obtained is reprecipitated with ammonium sulfate at 0.225 satura¬ 
tion. After repeating the fractional precipitation with acetone, inactive proteins 
are removed by shaking the solution repeatedly with ethanol and chloroform. The 
active solution is then treated wdth Wofatit charged w'ith acetate to remove sulfate. 
After repeated precipitation with 55 and 70% acetone, the active precipitate is dis¬ 
solved in a little w'ater and freeze-dried. The pow'der is dissolved in 20 parts of w^ater 
and the same volume of acetone is added. Crystallization takes place. 

The impure solutions are very unstable; the first crystallization was pos¬ 
sible only after stabilization of the enzyme with a boiled and filtered solu¬ 
tion of crude enzyme. The method was later simplified. By working in a 
faintly alkaline medium the addition of boiled enzyme can be avoided and 
the enzyme is crystallized from a 5-8% solution in water at pH 6.5. 

Properties of the Crystallized Enzyme. The crystallization involves a 
23-fold increase in activity per mg. nitrogen. The crj'^stals are .said to be 
about three times as active as the best preparations of Sherman et al. 
The recrystallized product is a protein giving the normal protein reactions. 
It coagulates on heating the solution. It is homogeneous in electrophoresis 
and in the ultracentrifuge.^^^ It contains 15.8% nitrogen but no phosphorus 
and no sulfur. It probably yields no sugar on acid hydrolysis. The molecu¬ 
lar weight*®* is 45,(XK). The isolectric point lies between 5.2 and 4.6 (th(‘ 
enzyme is inactivated at this pH). The ultraviolet absorption spc'ctrum has 
a maximum at 280 m^u and an inflection at 290 m/i (tryptophan and tyro¬ 
sine, respectively). 

Solutions of the pure enzyme are quite stable. The instability of impure 
solutions is due to the presence of a specific protease*®* which rapidly 
inactivates the amylase with the formation of dialyzable nitrogeneous 
substances. The action of this protease is inhibited by a heat-stable sub¬ 
stance in crude enzyme solutions, hence the stabilization of the enzyme 
by boiled enzyme solution. The amylase is not inactivated by crystalline 
trypsin or crystalline lysozyme.*®* 

Williams, Schlenk, and Eppright*®^ found partly purified pancreatic 
amylase to contain 4.1 mg. inositol per gram. Lane and Williams*®* believe 

*** K. H. Meyer, E. H. Fischer, and P. Bernfeld, Heh. Chim. Acta. 30, 64 (1947). 

K. H. Meyer, E. H. Fischer, and P. Bernfeld, Arch. Biockem. 14, 149 (1947). 
E. H. Fischer, Doctoral Thesis. Univ. Geni^ve, 1947. E. H. Fischer and P. Bernfeld, 
Helv. Chim. Acta 31, 1831 (1948). 

E. H. Fischer and P. Bernfeld, Helv. Chivi. Acta 31,1839 (1948). 

C.-E. Danielsson, Nature 160, 899 (1947). 

R. J. Williams, F. Schlenk, and M. A. Eppright, J. Am.Chem. Soc. 66,896 (1944). 

R. L. Lane and R. J. Williams, Arch. Biochem. 19, 329 (1948). 
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inositol to be an essential component of the enzyme since the inhibition by 
Gammexane is prevented compotively by inositol. Fischer and Bernfeld,^®® 
however, deny the occurrence of inositol in pancreatic and salivary amylase 
and find added inositol to be without action on the activity or stability of 
pure pancreatic amylase, which, moreover, is not inhibited by y-hexachloro- 
1,2,3,4,5,6-cyclohexane. 

Little and Caldwell*®® have established that primary amino groups are 
essential to the enzyme action (inactivation by ketene etc.), whereas the 
hydroxyl group of tyrosine seems to have no importance. The inactivation 
of pancreatic amylase by nitrous acid was studied by Myrback^®'; the 
inactivation is very strongly enhanced in the presence of chloride and 
certain other anions, which activate the enzyme (page 691). This seems to 
indicate that the activation of the enzyme by the anions somehow exposes 
the amino groups to the destroying agent. For additional experiments on 
the action of inhibitors see Van-Thoai and Silhol-Bernfere.*®‘ The reaction 
products at different stages of hydrolysis have been studied by Alfin and 
Caldwell,*®* and by Blom and Rested.*®® The latter authors find that the 
reaction products at 64% hydrolysis, calculated as maltose, are approxi¬ 
mately: one third maltose, one third trisaccharide, and one third dextrin. 
Since the trisaccharide, on further action of the enzyme, is hydrolyzed to 
glucose and a disaccharide, it seems safe to assume that the essential com¬ 
ponent is maltotriose. The limit dextrins formed from potato starch by 
pancreactic amylase were investigated by Myrback et alr^ 

(b) Amylase from Human Pancreas, This enzyme has been isolated in 
crystalline form by Meyer et a/.*®^ The method of isolation is nearly the 
same as that used for the pig pancreatic amylase. The yield is about 25% 
and the enrichment 25-fold with respect to the crude extract. The enzyme 
is a typical protein. Some of the properties of the a-amylases, isolated in 
pure form, are shown in Table III. The three animal enzymes are very 
similar in many respects. The pH optimum i.s the same; the action on the 
substrates seems to be the same; they have the same nitrogen content and 
contain no phosphorus or sulfur. The absorption spectra are very similar, 
and the differences in electrophoretic mobility scarcely exceed the experi¬ 
mental errors. On the other hand there are a few properties in which the 
enzymes of human origin differ sharply from the pig pancreas amylase. 
The activity per mg. enzyme is about 60% higher, the pH range of stability 

E, H. Fischer and P. Bernfeld, Helv, Chim. Acta 82, 1146 (1949). 

J. E. Little and M. L. Caldwell, J. Biol. Chem. 142, 585 (1942); 147, 229 (1943). 

N. Van-Thoai and M. J. Silhol-Bern^re, Compt. rend. 228,961 (1946). E. Ohlson, 

Arch, intern, pharmacodynamic 87,108 (1930). 

R. B. Alfin and M. L. Caldwell, /. Aw. Chem. Soc. 70.2534 (1948); 71,128 (1949). 
•®* J. Blom and C. O. Hosted, Acta Chem. Scand. 1, 230 and 1^3 (1W7). 

*®«K. Myrb&ck, B. Ortenblad, and K. Ahiborg. Biochem. Z. 807, 49, 53 (1940). 

K. H. Meyer, E. H. Fischer, P. Bernfeld, and F. Duckert, Arch. Biochem. 18, 
203 (1948). 
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is much broader, and the solubilities in water at certain pH values are 
quite different. Meyer et al. therefore conclude that both human amylases 
are chemically identical, whereas the protein of the pig pancreas amylase 
is different (Fig. 8). 

(3) Amylases in Other Animal Organs. Degradation of starch and glyco¬ 
gen has been demonstrated in extracts of many organs and cells, in blood, 
and urine. As pointed out above it may be regarded as doubtful in many 
cases if the degradation is really caused by amylase action and not by phos- 
phorolytic breakdown, particularly if the degradation has only been demon¬ 
strated by an increase in reducing value. If, on the other hand, maltose has 
been shown to occur as the chief degradation product, this seems to offer 
evidence of true amylase action. 



Fio. 8. Human pancreatic amylase X730 


(a) Blood amylase. This enzyme has been extensively studied and special 
methods hav^e been worked out for its determinationSchlesinger^^^* 
introduced the idea that the blood amylase originates from the pancreas, 
and later investigations have shown that in any case occlusion of the 
pancreatic duct or inflammatory condition of the organ increases the 
amylase activity of the blo(xl. On the other hand, in depancreatized dogs, 
the amylase content of the blood is lowered during the first few days 
after operation but returns to the normal or above it if the diabetes is 
controlled by insulin.^®* 

A connection between blooil amylase and the diabetic condition has been sought 
by many authors. Myers et a/.*®* found the blood amylase value in diabetic pa- 

V. C. Myers and E. Reid, J. Biol. Chem. W, 595 (1933). W. R. Thompson, 
R. Tennant, and C. H. Wies, ibid. 108, 85 (1935). 

V. C. Myers, A, H. Free, and E. E. Rosinski, J. Biol. Chem. 164, 39 (194^1). 

A. Schlesinger, Deui. med. Woehschr. 34, 503 (1908). 

E. Reid and V. C. Myers, J. Biol. Chem. 99, 607 (1933). 

V. C. Myers and J. A. Killian, J. Biol. Chem. 29, 179 (1917). E. Reid, J. P. 
Quigley, and V. C. Myers, ibid. 99, 615 (1933). 
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tients not treated with insulin to be higher than normal, but normal in the insulin* 
treated patient. In normal dogs insulin was found to decrease the blood amylase 
values but to increase those of the liver. Myers el al. suggest that the blood ensyme, 
which is thought to have no physiological role in itself, is recalled by insulin into 
the liver, where it functions in the carbohydrate metabolism. These inferences have, 
however, been criticized by Somogyi,**® w*ho, from a statistical treatment of a large 
number of blood amylase determinations in normal and diabetic subjects, concludes 
that in the majority of cases the dial>etic patients show lowered blood amylase 
values, which is taken as a sign of fatty liver or other disturbances of the liver func¬ 
tion. The depression of the blood amylase values is roughly parallel to the severity 
of the diabetes, very low* values being observed in coma.*^ Hecht*** found no differ¬ 
ence in the amylase content of blood and urine of normal and diabetic rats. 

The products produced from starch by blood amylase have been studied 
by Somogyi.^^^ The decrease in the blood sugar level observed after injec¬ 
tion of certain amylase preparations probably has nothing to do with the 
amylase 

(b) Urine Amylase. Human urine regularly contains amylase;, the 
amount depends on the permeability of the renal tissues. The amount is 
increased if the pancreatic duct is blocked,but decreased after extirpa¬ 
tion of the pancreas or in diabetes.-^® The action of urine amylase on starch 
has been investigated in detail by Somog> i.®*® The primary products are 
reducing dextrins; later on maltose and finally also glucose appear. Glucose 
is formed from low-molecular reducing dextrins, not from maltose. This 
type of action seems to coincide with that of the animal amylases in gen¬ 
eral. 

(c) Muscle Amylase. A glycogenol^^tic enzyme in muscle has been knowm 
for a long time. It is active also in starch degradation and has been desig¬ 
nated an amylase. In reality rnf>st of the observed effects have probably 
been caused by phosphorol 3 ’’tic degradation of the polysaccharides and 
subsequent transformation of the glucose-1-phosphate into reducing sub¬ 
stances. However, as pointed out by Mystkowski®*^ and Willst&tter,**® 
there is in muscle, in addition to the phosphorolytic system, an amylatic 
one as well. The amount of amylase is small, and the enzyme plays no role 
in the glycogenolytic cycle of the muscle. 

Muscle amylase is inactive except in the presence of chloride ions and 
thus resembles the other animal amylases in this respect. 

M. Somogyi, J. Biol. Chem. 1S4, 315 (1940). 

E. Hecht, Biochim. et Biophya. Acta 1, 425 (1947). 

***M. Somogyi, Proc. Soc. Expll. Biol. Med. 30 , 1126 (1932). 

**• H. E. C. Wilson and F. Strieck, Biochem. Z. 261, 199 (1932). W. Deichmann- 
GrObler and V. C. Myors, ibid. 288, 149 (1936). 

Wohlgemuth, Z. Urol. 6, 801 (1911). 

A. Rosenthal, Deui. med. Wochachr. 87, 923 (1911). E. Marino, Deut. Arch, 
klin. Med. 108, 325 (1911). 

M. Somogyi, J. Biol. Chem. 184, 301 (1940). 

E. M. Mystkowski, Rnzymologia 2, 152 (1937-1938). 

R. Willst&tter and M, Rohdewald, Compt. rend. lab. Carlaberg Sbr. chim. 28, 
653 (1938). 
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Barbour*^* stated that the main product of muscle enzyme action is a 
trisaccharide. His experiments were, however, criticized by Carruthers 
et aZ.**® and by Gray ,221 whose data suggest that maltose is formed in great 
amounts. It may be that the trisaccharide observed by Barbour was 
maltotriose, which is formed by a-amylase (in moderate amounts) as an 
intermediary product; in any case the isolation of maltose seems to prove 
that the observed action is really a hydrolysis. Since the extracts contain 
maltase, glucose appears as the final product if maltase action is not in¬ 
hibited, e.fif., by glycerol. 

(d) Liver Amylase, The blood-free liver contains an amylolytic system. 
The disappearance of the color reaction with iodine at an apparent yield 
of 15% maltose in experiments with starch and liver preparations, and the 
fact that the reducing reaction products display a mutarotation downward*® 
•characterize the enzyme as an a-amylase. The enzyme is activated by 
chloride ions in the same way as other animal amylases.*** Maltose is the 
main product.®* 

A dry, stable preparation is obtained if the blood-free organ is minced, defatted, 
and dried with acetone and diethyl ether.*** Active solutions may be prepared by 
extraction of this powder with water or glycerol. The pH optimum is 6.9 in the pres¬ 
ence of sodium chloride (O.OI to 0.5 M)- Holmbergh*** found that iodides depress 
the saccharifying activity of the enzyme but activate the dextrinization (disap¬ 
pearance of the iodine reaction). This result is not clearly understood; it may be 
that phosphorylases have been present. 

(e) Miscellaneous. The distribution of amylase (and certain other enzymes) in 
the duodenum and the ileum of the rat has been studied by van Genderen 
and Engel.*** 

Concerning degradation of starch and glycogen by other organs the reader is 
referred to the survey given by Purr.*®* Generally it is impossible to decide whether 
the observed action is due to amylases, phosphorylases, or both. 

The amylase, which occurs regularly in honey has been shown to originate from 
the bee.*** 

Hoi ter and Doyle**’ have investigated the localization of the amylase in amoebas. 

(4) AcHvalian of Animal Amylases by Certain Ions, It has been known 
for a long time that certain anions, especially the chloride ion, have a 
powerful activating effect on animal amylases. Dialysis of enzyme solutions 
decreases the activity strongly, but in many cases almost complete regenera¬ 
tion is obtained by addition of sodium chloride or other soluble chlorides. 

A. D. Barbour, J, Biol. Chem. 86 , 29 (1929). 

*** A. Carruthers and W. Lee, J. Biol. Chem. 106, 525 (1935). A. Carruthers, ibid. 
108, 535 (1935). 

»** C. H. Gray, Nature 135, 1002 (1935). 

•** L. Hollander, Science 79, 17 (1934). 

O. Holmbcrgh, Z. physiol. Chem. 134, 68 (1924). 

«* G. E. Glock. Biochem. J. 33,235 (1938). 

••• H. van Genderen and C. Engel, Enzymoloyia 5, 71 (1938-1939). 

“• R. Ammon, Biochem. Z. 319, 295 (1949). ^ 

H. Holter and W. L. Doyle, Compi. rend. trav. lab. Carlsberg Sbr, chim. 88, 
219 (1938). 
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It does not seem possible at the moment to decide if the salt-free amyl¬ 
ases are completely inactive or if they have a certain low activity. Earlier 
it was assumed by most authors that salt-free amylases are quite inactive. 
Norris“* foimd for instance that an activation of about 400% was obtain¬ 
able and concluded that the salt-free enz 3 rme should have no activity at 
all. These older investigationis, however, were mostly carried out regardless 
of the acidity of the test solution. Michaelis and Pechstein*** reinvestigated 
the question and determined the action of various salts over the whole 
pH range of the enzyme. The Wohlgemuth colorimetric method was iised 
for the activity determination. The authors never found the enzyme quite 
inactive in absence of salts but assume that the salt-free enzyme is inactive 
and postulate combinations of enzyme and the activating ions as the active 
molecules. The pH optimum was found to vary with the anion used. The 
“combinations” with acetate, sulfate, and phosphate had their maximum 
activity at pH 6.1 to 6.2, the combination with chloride at 6.7 and the 
combination with the nitrate ion at pH 6.9. According to Michaelis and 
Pechstein the action of the ions is explained by: (/) the affinity of the 
various ions for the enzyme, (£) the affinity of the enzyme-salt combina¬ 
tions for the substrate, and (3) the isoelectric point of the active combina¬ 
tions, which is taken as identical with the pH optimum. Myrback,*** using 
the reductometric method of assay, found that purified preparations of 
salivary and pancreatic amylase were not quite inactive in the absence of 
salts. At pH 6.8 to 6.9, the optimum of the enzyme when activated with 
enough sodium chloride, the “salt-free” enzyme had an activity of about 
25% of that of the activated enzyme. The enzyme preparation was obtained 
by adsorption on aluminum hydroxide, washed repeatedly with distilled 
water, eluted with pure disodium phosphate solution, and dialyzed against 
redistilled water. The enzyme had no action at all on ordinary starch paste; 
this was however due to the faintly acid reaction of the paste. If the pH 
was adjusted to 6.9 with sodium hydroxide the activity was about 25% of 
that of the activated enzyme. The same value was obtained with dialyzed 
starch solution. Nevertheless it is perhaps not quite excluded that the 
reaction mixture may have contained traces of chlorides. Better results 
would be expected with the crystalline enzyme; Bemfeld*** states, however 
that the activity of salt-free pancreatic amylase is about 15% of the maxi¬ 
mum value in the presence of sodium chloride. 

In any case it is evident, as already mentioned, that the activation of the 
amylases with chloride (and other ions) is dependent on the pH. The fully 
activated enzyme, in the presence of O.OlAf or greater sodium chloride has 
its optimum at pH 6.8 to 6.9. If the chloride concentration is lower, the 
optimum is found in more acid solution, and the “salt-free” enzsrme has 

**• R. V, Norris, Bioehem. J. 7,622 (1913). 

*** L. Michaelis and H. Peehstefh, Bioehem. Z. 69, 77 (1914). 
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its Optimum at about 6.0 (Fig. 9). Phosphate, acetate, and sulfate were 
found to have no specific action on amylase; the affinity, if any, of these 
ions to the enzyme must be extremely low. Moderate concentrations of 
sulfate for instance do not depress the activity of the chloride amylase.^®'*®*® 
Chloride ion has an extremely powerful action; half the maximum 
activity is found in about O.OOOSAf sodium chloride. Somewhat less active 
are bromide ions. The optimum of the bromide amylase is at pH 6.8. Less 
active are iodide ions but the optimum is still about 6.8; the enzyme is 
strongly activated in the pH range 6-8 but the action of the salt-free 
enzyme is depressed in more acid solution. Fluoride ions seem to have no 



Fiq. 9. Relative activity of the different salt amylases at different pH values.**^ 
(I) salt free (?) enzyme. Optimum concentration of chloride (II), bromide (III), io¬ 
dide (IV), nitrate (V), and perchlorate (VI). 

action and hydrogen cyanide inhibits strongly in O.LV solution even if the 
pH is kept at the optimal value. Rhodanate seems to have no specific 
action. 

The action of the nitrate ion can be described (Fig. 9) as nothing but a 
displacement of the pH curve. Practically the same action is shared by 
chlorate ions. The optimum pH is about 7.0, but the activity at this point 
is about the same as that of the salt-free enzyme at pH 6. On the acid side 
of pH 6.5 nitrate and chlorate have an inhibiting action; on the alkaline 
side of the same pH they activate. The different maximal activities of the 
various salt amylases could not be explained as due to different affinity for 
the substrate. The kinetics of starch hydrolysis was found to be the same 
for chloride and nitrate amylase; the ratio between the reaction rates as 
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measured by the increase in reduction value on one hand and by the 
Wohlgemuth method on the other was also found to be the same. 

If it is assumed, as has been done by Michaelis and Pechstein,”* that 
the isoelectric form of the enzyme is the active one, the action of the ions 
can be explained on the assumption that the dissociation constants, Ka and 
Khy are different for the different enzyme-salt combinations. The combi¬ 
nations with halogen ions would then have the following approximate 
values: 


Amylase 

pKa 

pKt 

Chloride. 

8.1 

8.6 

Bromide. 

8.0 

‘ 8.4 

Iodide. 

7.4 

7.8 

Salt-free. 

6.3 

8.4 

1 



It is emphasized that these values are, pro tempore^ fictive values, calcu¬ 
lated on the basis of certain assumptions. It will be remembered that the 
isoelectric point of pure (salt-free?) pancreatic amylase^*® is at about pH 
5.0. 

The activation of animal amylases by salts has nothing to do with the 
well known action of salts on the solubility of globulins. 

Barmenkow”® advanced the theory that the salt-free amylases are in¬ 
active compounds of the enzymes with mucins. The salt activation is 
thought to be due to liberation of the enzymes from such compounds. In 
view of the results obtained with the crystalline amylases, this possibility 
seems rather remote. 

6 . Cereal a-Amylase {Mali a-Amylose) 

Ripe, nongerminated cereals, as indicated previously, generally contain only 
traces of a-amylase, but during germination of the grains large amounts of the 
enzyme are formed or set free from an inactive complex. Little is known about the 
mechanism of this reaction. (On the influence of heavy water, see Caldwell and 
Doebbeling.**‘) The a-amylase is said to be excreted by the ecutellum. The /^-amylase 
content does not increase very much during germination but the “latent'* /9-amylase 
is set free so that in barley malt, which is the generally used raw material, both 
enzymes are completely water soluble. 

Solutions of ‘‘malt amylase” may be obtained by short extraction of 
ground malt with cold water in the presence of toluene or thymol. Small 
amounts of calcium salts have a stabilizing influence on malt a-amylase 
and may conveniently be added. The best method of freeing the a-amylase 
from the accompanying /fi^amylase seems to be the one originally indicated 

J. P. Barmenkow, Biokhimiya 4, 160 (1039). 

*»» M. L. Caldwell and 8. E. Doebbeling, jr. Biol. Chem. 123, 479 (1938). 
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by Ohlsson.**'**'*®, Slight modifications have been introduced by several 
authors.*** Kneen et oi.**’ recommend the following procedure: ground barley 
or wheat malt is extracted for 60 minutes with 5 parts of a solution contain¬ 
ing 2 mg. calcium chloride per ml. The extract is brought to a pH of about 
6 and held for 15 minutes at 70° and filtered. Schwimmer and Balls*** 
have succeeded in crystallizing a-amylase. 

A concentrated malt extract is heated as indicated above. The filtrate is made 
0.46 saturated with ammonium sulfate at pH 5.6 to 6. The precipitate is washed 
with 0.33-saturated ammonium sulfate solution saturated with calcium sulfate and 
dissolved in 5-10 times its original volume of 40% ethanol at 6®. Calcium sulfate is 
filtered off and the en 23 rme is absorbed*** on starch mixed with Filter-Cel in a col¬ 
umn.***- **• The starch is washed wdth 40% alcohol and the amylase brought into 
solution with water saturated with calcium sulfate. The enzyme is precipitated with 
0.66-saturated ammonium sulfate and extracted from the precipitate with water 
saturated with calcium sulfate. The solution containing about 2 mg. of protein ni¬ 
trogen per ml. is brought to pH 6 and solid ammonium sulfate is added, whereupon 
crystals separate, generally between 0.25 and 0.28 saturation. 

The crystals are hexagonal prisms capped by pyramids and are readily 
soluble in 40% alcohol. Twice recrystallized substance contained 13.4% 
nitrogen, 0.01% phosphorus, and 0.035% iron. The activity was 67 times 
that of the crude extract. It is not possible at the moment to compare the 
activity of the crystals with that of the “malt albumin’* preparations of 
Danielsson and Sandegren'*^ (Table II). Their purest preparation had an 
of-amylase activity about 78 times that of the malt. 

Amylase crystals could not be obtained at temperatures below 25°; the 
solubility of the enzyme seems to increase with falling temperature. The 
solubility of the crystalline enzyme in 0.5-saturated ammonium sulfate 
solution at pH 5.95 was determined in the presence of increasing amounts 
of the crystals. The solubility curve obtained shows the presence of 95- 
97% of one protein component. 

The molecular weight calculated from osmotic pressure measurements is 
69,500 =t 900. The ultraviolet absorption spectrum has the usual form 
a maximum at 280 mu and a second maximum (or inflection point) at 
290 m/x. Qualitative tests for inositol were negative. No inhibition was 
caused by a mixture of isomers of hexachlorocyclohexane. 

A highly important fact is that the action of the crystalline enzyme or 
starch seems to be identical with that observed with partly purified enzyme 
preparations. When the percentage of glucosidic bonds hydrolyzed wae 

*** W. J. Olson, B. A. Burkhart, and A. D. Dickson, Cereal Ckem. 20, 126 (1943) 
E. Kneen, R. M. Sandstedt, and C. M. Hollenbeck, Cereal Chem. 90, 399 (1943) 
Schwimmer, Cereal Chem, 94, 315 (1947). S. Schwimmer and A. K. Balia 
J. Biol, Chem, 176, 465 (1948); 179, 1063 (1949), 

••• O. Holmbergh, Arkiv Kemi Mineral. Geol, IIB, No, 4 (1932). 

**• S. Schwimmer, Rapport du VII* Congrfts International des Industries agricoles 
Paris, 1948. Vol. 1, Question 6-D. 
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plotted against reaction time, Schwimmer and Balls obtained a curve 
almost identical with the curve 1 in Fig. 15. Thus, the action of the crystal¬ 
line enzyme, like that of less pure preparations, is composed of two phases: 
one initial, rapid phase, the dextrinization, comprizing the hydrolysis of 
about 17% of the glucosidic linkages of starch, and after that a slow sac¬ 
charification phase {vide infra). 

The pH optimum of the enzyme is about 5.0. The activity~pH curves 
published by different authors vary somewhat, doubtlessly depending on 
the methods of assay used. In any case the differences most probably do 
not indicate that the malt a-amylase should be, in reality, a mixture of 
different enzymes. Malt a-amylase is very unstable in acid solution. It is, 
for example, rapidly inactivated at pH 3.6. and the experimentally de¬ 
termined activity values at this pH must be strongly dependent on the 
method of assay. Myrb&ck and FrostelP*^ determined the activity by the 



Fig. 10. pH curves of malt a-amylase.^^^ Dotted curve is theoretical dissociation 
curve of an acid with iC* lO”**’. 

reductometric method and found, for different reaction times, the curves 
in Fig. 10. The alkaline branches of these curves are independent of the 
reaction time because no inactivation occurs in this region. This curve has 
approximately the form of a dissociation curve (dotted line). The acid 
branches of the curves on the other hand have quite another form, depend¬ 
ing strongly on the reaction time. Thus it can be concluded that this part 
of the pH curve is mainly due to the instability of the enzyme in acid 
solution. Nevertheless it can be assumed that the acid branch of the curve 
depends on the dissociation of the amino groups of the enzyme. The fact 
that the substrate and other saccharides to which the enzyme has an 
affinity protects it in acid solution seems to support the assumption that 
primary amino groups are essential for the combination of the enzyme 
with the substrate.^** 

K. Myrb&ck and K. Frostell, Atkiv Kemi Mineral. Oeol. 34A, No. 11 (1947). 
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Malt a>amylase is not activated by chloride ions. The enzyme-substrate 
relationships are in agreement with the Michaelis-Menten theory.**® Con¬ 
cerning the products of the action of malt a-amylase on starch the reader 
is referred to Myrback's review**® and the literature cited there. 

c. Amylase in Yeast 

The question of the amylolytic properties of yeasts has been extensively 
and adequately reviewed by Smits van Waesberghe.*^® Sixty-four species of 
yeasts of widely different genera were tested with various methods; the 
majority was capable of enz 3 nnatic degradation of starch. Saccharomyces 
fragilis Jorgensen was investigated in detail; glucose was the sole product 
of the enzymatic action. The general conclusion is that the degradation is 
due, not to amylases, but tophosphorylases. Schaffner and Specht*^^ likewise 
state that the so-called ^^phosphate-requiring amylase” of yeast is a phos- 
phorylase. 

The question of starch-degrading enzymes in yeast has acquired renewed 
interest since Meyer et found that /3-amylase limit dextrin (amylodex- 
trin) is altered by a yeast enzyme in such a way that it can be further at¬ 
tacked by the /3-amylase. (These experiments strongly support the irregular 
formulas of amylopectin and glycogen proposed by Meyer, Fig. 1.) The 
yeast enzyme evidently must be capable of removing '^anomalous” end 
groups of the dextrin (page 710). The nature of the yeast enzyme has been 
discussed by Meyer and by Bemfeld. It seems probable at the present time 
that it is identical with the ‘^isophosphorylase”*®* capable of breaking and 
synthesizing 1,6-a-glucosidic linkages. Following the removal of the anom- 
idous end groups by isophosphorylase, action of the phosphorylase in yeast 
on the 1,4 linkages of the substrate may occur. 

Starch and dextrine, even limit dextrine, are readily fermented by dried yeasts 
and yeast juices. As mentioned'^* above, this fermentation must be rendered pos¬ 
sible by a preceding phosphorolytic degradation of the saccharides. 

d. Amylase in Molds 

Many molds are extremely rich in amylase and important commercial amylase 
preparations originate from molds. Mold amylases have acquired great industrial 
importance as in the so-called *'amylo-procedures” in the breweries, and as sac¬ 
charifying agents in the alcohol industry and in the manufacture of enzyme-con- 
verted sirups. A survey of the industrial use of *^old bran” has been given by 


C. S. Hanes, Biochem, J. 26, 1406 (1931). 

*** K. Myrb&ck, Advances in Carbohydrate Chem, 8, 251 (1948). 

P. A. M. J. Smits van Waesberghe, Doctoral Thesis, Delft, 1941. 

A. SchZffner and H. Specht, Naturmesenschaften 26, 494 (1^). 

K. H. Meyer and P. Bernfeld, Helv. Chim. Acta 28, 875 (19^); 24, 1400 (1941); 
26, 399 (1942). 

P. Bernfeld and A. Meut4m4dian, Nature 162, 297 (1948); 162, 618 (1948); Help. 
Chim. Aeta 81, 1724 (1948); 81, 1736 (1948). 
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plotted against reaction time, Schwimmer and Balls obtained a curve 
almost identical with the curve I in Fig. 16. Thus, the action of the crystal¬ 
line enzyme, like that of less pure preparations, is composed of two phases: 
one initial, rapid phase, the dextrinization, comprizing the hydrol 3 r 8 is of 
about 17% of the glucosidic linkages of starch, and after that a slow sac¬ 
charification phase {vide infra). 

The pH optimum of the enzyme is about 5.0. The activity-pH curves 
published by different authors vary somewhat, doubtlessly depending on 
the methods of assay used. In any case the differences most probably do 
not indicate that the malt a-amylase should be, in reality, a mixture of 
dififerent enzymes. Malt a-amylase is very unstable in acid solution. It is, 
for example, rapidly inactivated at pH 3.6. and the experimentally de¬ 
termined activity values at this pH must be strongly dependent on the 
method of assay. Myrback and FrostelP*^ determined the activity by the 



Fig. 10. pH curves of malt a-amylase.Dotted curve is theoretical dissociation 
curve of an acid with Ka 10"* 

reductometric method and found, for different reaction times, the curves 
in Fig. 10. The alkaline branches of these curves are independent of the 
reaction time because no inactivation occurs in this region. This curve has 
approximately the form of a dissociation curve (dotted line). The acid 
branches of the curves on the other hand have quite another form, depend¬ 
ing strongly on the reaction time. Thus it can be concluded that this part 
of the pH curve is mainly due to the instability of the enzyme in acid 
solution. Nevertheless it can be assumed that the acid branch of the curve 
depends on the dissociation of the amino groups of the enzyme. The fact 
that the substrate and other saccharides to which the enzyme has an 
affinity protects it in acid solution seems to support the assumption that 
primary amino groups are essential for the combination of the enzyme 
with the substrate.^®* 

K. Myrb&ck and K. Frostell, Arkiv Kemi Mineral. Oeol. 84A, No. 11 (1947). 



19 AMYLASES AND THE HYDROLYSIS OF STARCH AND GLYCOGEN 697 


Malt a-amylase is not activated by chloride ions. The enzyme-substrate 
relationships are in agreement with the Michaelis-Menten theory.**® Con¬ 
cerning the products of the action of malt a-amylase on starch the reader 
is referred to Myrb&ck*s review**® and the literature cited there. 

c. Amylase in Yeast 

The question of the amylolytic properties of yeasts has been extensively 
and adequately reviewed by Smits van Waesberghe.**® Sixty-four species of 
yeasts of widely different genera were tested with various methods; the 
majority was capable of enzymatic degradation of starch. Sacxharcmyces 
fragilis Jdrgensen was investigated in detail; glucose was the sole product 
of the enzymatic action. The general conclusion is that the degradation is 
due, not to amylases, but tophosphorylases. Schaffner and Specht*®^ likewise 
state that the so-called “phosphate-requiring amylase” of yeast is a phos- 
phorylase. 

The question of starch-degrading enz 3 rmes in yeast has acquired renewed 
interest since Meyer et dl?^ found that /^-amylase limit dextrin (amylodex- 
trin) is altered by a yeast enzyme in such a way that it can be further at¬ 
tacked by the /3-amylase. (These experiments strongly support the irregular 
formulas of amylopectin and glycogen proposed by Meyer, Fig. 1.) The 
yeast enzyme evidently must be capable of removing “anomalous” end 
groups of the dextrin (page 710). The nature of the yeast enzyme has been 
discussed by Meyer and by Bemfeld. It seems probable at the present time 
that it is identical with the “isophosphorylase”*®* capable of breaking and 
S 3 rnthesizing 1,6-a-gluco6idic linkages. Following the removal of the anom¬ 
alous end groups by isophosphorylase, action of the phosphorylase in yeast 
on the 1,4 linl^es of the substrate may occur. 

Starch and dextrins, even limit dextrine, are readily fermented by dried yeasts 
and yeaat juices. As mentioned^^* above, this fermentation must be rendered pos¬ 
sible by a preceding phosphorolytic degradation of the saccharides. 

d. Amylase in Molds 

Many molds are extremely rich in amylase and important commercial amylase 
preparations originate from molds. Mold amylases have acquired great industrial 
importance as in the so-called ^^amylo-procedures” in the breweries, and as sac¬ 
charifying agents in the alcohol industry and in the manufacture of enz>me-con- 
verted sirups. A survey of the industrial use of **mold bran” has been given by 


«• C. 8. Hanes, Biochem. 96, 1406 (1031). 

*** K. Myrb&ck, Advances in CarbohydraU Chem. 8 , 261 (1948). 

F. A. M. J. Smits van Waesberghe, Doctoral Thesis, Delft, 1941. 

A. SchZffner and H. Specht, NaiurwissenschafUn 96, 494 (1^). 

K. H. Meyer and P. Bernfeld, Htlv. Chim, Acia 98, 875 (1940); 94, 1400 (1941); 
96, S99 (1942). 

*<® P. Bernfeld and A. Meut4m4dian, Naiurt 169, 297 (1948); 169, 618 (1948); ffsls. 
Chim. A(Aa 81, 1724 (1948); 81, 1735 (1948). 
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Underkofler et al*** Methods for precipitation of amylase from mold bran extracts 
have been described by Gates and Kneen.*** 

Typical mold amylase is the one originating from AspergilliLs oryzae and 
known as taka-diastase. The crude preparations contain a great variety of 
enzymes besides amylase, such as proteases, phosphatases, maltase, etc. 
In crude preparations carbohydrases are sometimes present which are cap¬ 
able of hydrolyzing 1,6-a-glucosidic linkages, and the presence of these 
enz 3 rmes together with the maltase explains the fact that a practically com¬ 
plete conversion of starch to glucose is possible when using large amounts 
of crude taka-diastase preparations.*** On the other hand taka-diastase (or 
certain preparations thereof) evidently hydrolyzes the 1,6-a-gluco8idic 
linkage much more slowly than the normal 1,4-linkage. Myrback and 
Ahlborg^^* isolated isomaltose (6-a-glucosidoglucose) from the reaction 
products and determined its constitution by means of the methylation 
technique. Montgomery, Weakley, and Hilbert‘S* found the chief reaction 
products to be glucose and isomaltose; the latter sugar was isolated in pure 
crystalline form. 

The amylase in taka-diastase, conveniently called taka-amylase, has been puri¬ 
fied considerably by Caldwell et The purified preparations have no maltase 
action and there is no indication of the presence of more than one amylase. The ac¬ 
tion on starch is a typical a-amylase action. Reducing dextrine, maltose, and small 
amounts of glucose are formed in the early stages. Later on the amounts of dextrine 
decrease with the formation of maltose and some glucose. There is no evidence of a 
sharp “limit of saccharification” as in the case of ^-amylase. The presence, in mold 
enzymes, of a ^'glucogenic system’^ producing glucose from higher saccharides, has 
been stressed by Gorman and Langlykke.*^ The action of the taka-amylase seems on 
the whole-to be rather similar to that of the animal amylases. (Concerning the limit 
dextrins, see Waldschmidt-Leitz and Purr.)**' 

The pH optimum of taka-amylase is 5.0 to 6.5. The nature of the buffer 
has no great influence on the position of the optimum but at the sides 
thereof differences may be observed.*** 

Ohlsson et found that after heat inactivation of (crude) taka-amylase a 

certain reactivation may occur if the inactive solution is stored. Inactivation and 
reactivation depend on the pH of the solution. The reactivation has its optimum 
at pH 7. Inactivation of the enzyme by acids has been studied by Akabori et o/.*** 

*** L. A. Underkofler, G. M. Severson, K. J. Goering, and L. M. Christensen, 
Cereal Chem. 24, 1 (1947). 

*** R. L. Gates and E. Kneen, Cereal Chem. 26, 1 (1948). 

H. Weinmann, J. Biol. Chem. 164, 7 (1946). 

M. L. Caldwell and 8. E. Doebbeling, J. Am. Chem. Soc. 69, 1836 (1937). M. L. 
Caldwell,*R. M. Chester, A. H. Doebbeling, and G. Volz, J. Biol. Chem. 161, 361 
(1946). G. Volz and M. L. Caldwell, ibid. 171, 667 (1947). 

J. Gorman and A. F. Langlykke, Cereal Chem. 26, 190 (1948). 

**• E. Ohlson, Arch, intern, pharmacodynamic 87, 98 (1930). G. A. Ballou and J. M. 
Luck, J. Biol. Chem. 186, 111 (1940). 

**®E. Ohlson and T. Swaetichin, Bull. eoc. chim. hiol. 11, 333 (1929). E. Ohlson 
and O. Edfeldt, ibid. 16, 470 (1933). 
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A spontaneous reactivation is observed also in this case. The taka-amylase is not 
inactivated by trypsin. 

The amylase of Rhizopua japonicus has been investigated by Leopold 
and Starbanow.*“ Liquefaction of starch and dextrinization have an op¬ 
timum at pH 5.0, but the saccharification optimum is at 4.0, which is taken 
as an indication of the presence of a second amylase, possibly jS-amylase. 

Endomyces fibuliger, belonging to the Fungi Imperfecti can, under cer¬ 
tain conditions, produce an extracellular amylase.*” 

e. Bacterial a-Amylasea 

Degradation of starch by bacteria was observed as early as in 1819 by 
de Saussure.*^ Reviews on the occurrence of starch-splitting enzymes in bacteria 
are given by Thaysen and Galloway*‘* and by Smits van Waesberghe.**® 

Peltier and Beckord*®® investigated more than 1000 bacterial isolates; 
266 hydrolyzed starch and of these 37 had a high dextrinizing ability. Ropy 
bread and, to a minor degree, air dust are good sources of starch-splitting 
organisms, which belong to the BadlliLS subtilis group. Kneen and Beckord*” 
determined the quantity and quality of amylase in a large number of bac¬ 
terial isolates. They classify the bacterial amylases in the following four 
groups: (f) saccharifying amylase from bacteria of the B. sybtilis type, {$) 
a-amylase from bacteria of theR. subtilis type, (3) amylase from bacteria of 
the R, polymyxa type, and {4) amylase from R. macerans. Since the last- 
mentioned enzyme differs sharply from all other known amylases, it will be 
dealt with in a special section (Sect. VII). 

(1) Saccharifying Bacillus subtilis Amylase, The enzymes belonging to 
this group are inhibited by the amylase inliibitor present in wheat; whereas 
the amylases of groups 2io4 are not. 

Beckord, Kneen, and Lewis*®® found that a bacterial isolate belonging to 
the R, subtilis group, when cultivated on wheat bran moistened with phos¬ 
phate buffer, developed an amylase differing in qualities from the commer¬ 
cial preparations. The enzyme (or system of enzymes) dextrinizes starch 
and is, or contains, an a-amylase, but the saccharifying capacity, compared 
to the dextrinizing power, is considerably higher than that of commercial 
bacterial amylases or malt a-amylase. The action on starch is rather similar 
to that of malt extract (a- and jS-amylase) or the animal a-amylases. 

S. Akabori, S. Hayasi, and K. Kasimoto, J, Chem. Soc. Japan 61, 1035 (1940). 
8. Akabori and K. Okahara, ibid. 12, 55 (1937). 

*** H. Leopold and M. P. Starbanow, Biochem. Z. S14, 232 (1943). 

L. J. Wiokerham, L. B. Lockwood, O. G. Pettijohn, and G. E. Ward, J. Bad, 
48, 413 (1944). 

*** T. de Saussure, Ann. chim. el phys. 11, 379 (1819). 

A. C. Thaysen and L. D. Galloway, The Microbiology of Starch and Sugars. 
Oxford Univ. Press, 1930. 

***G. L. Peltier and L. D. Beckord, J. Bad. 60, 711 (1945). 

E. Kneen and L. D. Beckord, Arch. Biochem. 10, 41 (19^). 

L. D. Beckord, E. Kneen, and K. H. Lewis, Ind, Eng, Chem. 87, 892 (1945). 
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The pH optimum oi the dextrinisation is 7.0 to 7.6; the saccharification 
has its optimum at pH 6.6 to 7.0. The enzyme is unusually stable at high 
temperatures and the stability is increased by calcium ions. 

(2) Bacilhu aubiilU a-AmyUue. The commercial preparations of bacterial amyl¬ 
ase (Rapidase, Superclastase, Biolase, Liquefase, etc.) belong in this group. Such 
preparations, presumably originating from bacilli of the subtilia-mesenteriem group 
have been investigated by several authors. 

Hopkins et found the amylase from B. aubtilis to be very similar to 
malt a-amylase. The pH optimum is 6.5 to 7. The enz 3 rme has a high heat 
stability. The reaction product at about 16% hydrolysis is a rather in¬ 
homogeneous mixture of dextrins (^'a-dextrins”)) containing saccharides 
of chain lengths between 3 and about 13. Hexasaccharides, at this stage of 
hydrolysis, constituted about 15% of the mixture. However, if the hydroly¬ 
sis was carried further to about 21%, the more complex dextrins are broken 
down to compounds of about 6 glucose units. Smits van Waesberghe*^® 
states that the final, main product of the action of Superclastase on starch 
is maltose, but small amounts of glucose are formed as a primary product 
(not from maltose). In the early stages of hydrolysis a fermentable sacchar¬ 
ide is present which has a higher dextro rotation than maltose. This sac¬ 
charide disappears in the later phase of the conversion. It seems permissible 
to assume that this saccharide is maltotriose, which is slowly split into malt¬ 
ose and glucose by some (or possibly all) a-amylases. 

Di Carlo and Redfern’*^ have purified the amylase of Liquefase, a commercial 
preparation from B. aubtilis. About 900-fold purification was attained by fractional 
precipitation with ethanol, ammonium sulfate, and acetone. The purified product 
contained 12% nitrogen. It is destroyed by ficin, which is regarded as evidence of 
its protein nature. A small amount of inositol found in the preparations is consid¬ 
ered an impurity. 

The enzyme is very stable in the pH range 5.8 to 10.8. The activity- 
pH curves at three different temperatures (Fig. 11) show a rather broad 
optimum zone between pH 5 and 7. To the alkaline side of pH 6 the three 
curves are similar, but in acid solution obvious differences appear. The ex¬ 
planation is probably the same as in the case of malt a-amylase; the acid 
branch of the pH curve is determined by the decrease in stability of the 
enzyme in acid solution. This instability is probably connected with the 
salt formation of the basic groups of the enzyme molecule. 

No coenzyme or dialyzable prosthetic group has been found; copper and 
iron are not constituents of the enzyme molecule. Inactivation by specific 

*** R. H. Hopkins and D. Kulka, J, Inal. Brewing 48 , 170 (1942). R. H. Hopkins, 
D. E. Dolby, and E. Q. Stopher, iHd. 48 » 174 (1942). 

F. J. Di Carlo and S. Redfern, Arch. Bioeham. 16 , 333 (1947); 16 , 343 (1947); 
17 , 1 (1948). 
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reagents makes it highly probable that free sulfhydryl groups and primary 
amino groups are essential to the enzyme action. Calcium ions increase the 
stability and reagents which remove these ions inactivate the enzyme pre¬ 
sumably by denaturation of the protein. 

An enzyme, presumably belonging to this group, has been isolated in the 
crystalline state by Meyer el The commercial preparation Biolase was 
purified in four stages by fractional precipitation with salts and organic sol¬ 
vents. The material thus obtained was dissolved in a minimum of water. The 
solution crystallized in the cold. Recrystallization is effected by dissolving 
the crystals in water and ammonia at pH 7.8. The solution is then brought 
to pH 5.6 with acetic acid. The yield of the first crystalline product is about 



Fio. 11. Activity-pH curves of bacterial a-amylase at three different temperatures*** 

12% of the raw material. The activity does not increase on further recrystal¬ 
lization. The substance is electrophoretically homogeneous and gives the 
ordinary protein reactions. The enzyme is not identical chemically with 
pancreatic amylase but is believed to have much the same action on starch. 
It is activated by chloride ions. (Fig. 12). 

The amylase from B. meaentericus has been studied by Minagawa*** and 
Akiya.”* 

(3) Bacillus polymyxa a-Amylase. Bacillus polymyxa develops amylase 
abundantly on a peptone-starch medium at room temperature.*** The en- 

'** K. H. Meyer, M. Fuld, and P. Bernfeld, Experienlia 8, 411 (1947). 

"* T. Minagawa, J. Ayr. Chem. Soe. Japan IS, 875 (1937). 

*** S. Akiya, J. Pharm. Sac. Japan 58 , 71 (1938). 

*** E. B. Tilden and C. 8. Hudson, J. Bad. 48 . 527 (1942). 
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syme is secreted into the medium. In contrast to the B. siibtilia amylases the 
enzyme of B. polymyxa is not very stable to heat. It produces reducing dex¬ 
trine and fermentable sugar but no nonreducing products of the Schardinger 
dextrin type. 

B. polymyxa amylase has been purified to a considerable degree by Rose."' The 
enzyme was precipitated with acetone and accompanying maltase removed by 
adsorption on Hyflo Super Cel. The enzyme has a broad pH optimum from 6.2 to 
7.6. The type of buffer has no marked influence. The reducing power of the reaction 
products did not exceed 80% of the theoretical yield of maltose. It may be inferred 
that the enzyme has an ordinary a-amylase action on starch. 



Fio. 12. Crystals of B. subtilis amylase XllO 


(4) Amylase of Clostridium acetdbutylicum. Hockenhull and Herbert*** 
have shown that the bacillus contains amylase and maltase as typically 
adaptive enzymes. The amylase is believed by the authors to produce malt¬ 
ose as the only (?) reaction product. The enzyme is secreted into the 
medium. It is not activated by chloride ions. The pH optimum is 4.8. The 
action of certain inhibitors is described. 

IV. Amylase Inhibitors in Cereals 

Kneen and Sandstedt*** have demonstrated the occurrence of amylase 
inhibitors in different cereals. The inhibitor in wheat acts reversibly on 

"'D. Rose, Arch. Bioehem. 16, 349 (1948). 

"* D. J. D. Hockenhull and D. Herbert, Bioehem. J, 69, 102 (1946). 

»T E. Kneen and R. M. Sandetedt, J. Am. Chem. 8oc. 66, 1247 (1943). 
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animal and most bacterial amylases but has no action on malt amylases.^*^ 
The authors state ,that the inhibitor is resistant to boiling but is destroyed 
on autoclaving. It is nondialyzable and is precipitated by ammonium sul¬ 
fate. It is inactivated by pepsin and is probably protein in nature. The in¬ 
hibitor appears in the endosperm, but not in the pericarp at the time the 
ripening kernel reaches full length. Kneen et report that the inhibitor 
is destroyed by proteases and by nitrous acid, sulfite, halogens, and hydro¬ 
gen peroxide. The action of certain reagents intimate that tryptophan is 
an essential component. The interaction between enzyme, inhibitor, and 
substrate is noncompetitive. 

The inhibitor found in Leoti acts on all amylases except 

those of fungi. It retains its activity after autoclaving at 15 lb. pressure for 
30 min. at pH 2.5 or 10.9. In alkaline but not in acid solution it is precip¬ 
itated by organic water-miscible solvents and by calcium chloride. The 
partially purified preparations gave positive indole tests and contains 2.6% 
nitrogen. The substance is supposed to be a high-molecular organic acid 
containing the indole group but no amino nitrogen. The inhibition seems 
to be due to physical adsorption. The “sisto-amylase’’ from buckwheat 
and other sources described by Chrzaszcz and Janicki*’^ probably has the 
same mode of action. 


V. Mechanism of Amylase Action^^ 

1. Introduction 

Starch and glycogen are generally not completely transformed into fer 
mentable sugars by the amylases; a more or less definite limit of saccharifi¬ 
cation is reached. The apparent yield of maltose is usually 60-90%. Analysis 
of the reaction mixture, however, shows the presence of the following 
components: (a) Large amounts of maltose, generally 60-80% of the theo¬ 
retical values. If the maltose fraction is determined by means of fermen¬ 
tation experiments, it may include maltotriose.*^* It should be observed 
that the fermentability of this sugar varies strongly with the type of yeast 
employed. (6) In some cases (with a-amylases) relatively small amounts 
of glucose, which may be a primary product formed from other saccharides 
than maltose.*^^^*^^ The common case in which maltose is split into glucose 

*** E. Kneen and R. M. Sandstedt, Arch, Biochem. 9, 235 (1946). 

*** W. Militzer, C. Ikeda, and E. Kneen, Arch. Biochem. 9,309 (1946); 9,321 (1946). 

w® B. 8. Miller and E. Kneen, Arch. Biochem. 16. 251 (1947). 

T. Chrzaszcz and J. Janicki, Biochem. Z, 960. 354 (1933); Biochem. J. 98. 296 
(1934). 

R. H. Hopkins, Advances in Enzymol. 6 . 389 (1946). 

*’®K. Myrb&ck and E. Leissner, Arkiv Kemi Mineral. Oeol. 17A, No. 18 (1943). 

J. Baker, J. Chem. Soc. 81.1177 (1902). A. R. Ling, J. Inst. Brewing 9 , 446 (1903). 
B. F. Davis and A. R. Ling, J. Chem. Soc. 86. 16 (1904). H. C. Sherman and P. W. 
Punnett, J. Am. Chem. Soc. 38. 1877 (1916). 

•V® K. Myrb&ck, Biochem. Z. 807. 140 (1941). 



704 


KARL BCTRbXcK AKR OUNNAR KBTJlfthiLBR 


by maltase is of no interest in this connection and is not further considered 
here, (c) Nonfermentable substances called ‘‘limit dextrins” or “stable 
dextrins’’ or “residual dextrins.’* According to definition a stable dextrin 
should not be attacked at all by the amylase used in its preparation. The 
iS-amylase limit dextrin (amylodextrin) is probably a true limit dextrin 
according to this definition. In the case of the a-amylases, the limit of 
saccharification generally is less well defined. The hydrolysis goes on for a 
very long time, getting slower cmd slower. If the experiment is interrupted 
at a certain time, dextrins may be isolated which for practical purposes are 
“stable^* dextrins, but which in fact may be slowly attacked by the en¬ 
zymes. The rate of this hydrolysis is, however, extremely small compared 
to the initial action of the enzyme on starch. 

The incomplete saccharification of starch and glycogen is not due to a 
reverse action. The saccharification limit does not represent a dynamic 
equilibrium. Neither are the limit dextrins products of a synthesis from 
maltose or glucose, as once assumed by Pnngsheim. The amount and gen¬ 
eral type of the limit dextrins varies distinctly with the starting material, 
whether starch, amylose, amylopectin, or glycogen, and it is quite clear 
that the limit dextrins are formed because of peculiarities in the consti¬ 
tution of the substrates. The incomplete saccharification and the formation 
of the limit dextrins show that starch and glycogen are not entirely built 
up according to the principle illustrated by the original Haworth starch 
formula. This was claimed in a very cautious form by Hanes*^® and at 
about the same time more decidedly by Myrback,*’^® who postulated the 
existence in the chain molecules of “anomalies,^* elements of a constitution 
differing from that of the bulk of the polysaccharides. These anomalies were 
thought to constitute obstacles to the amylase action and to be the chief 
cause of the incomplete saccharification and the formation of the Imut 
dextrins. It was assumed that the anomalies remain in the limit dextrins. 
The anomalies known at the present time are (a) anomalous g^ucosidic 
linkages (meaning other linkages than the 1,4-a-glucosidic linkage), and 
(6) substitution of certain glucose residues with phosphoric or other acids. 
The chief cause of limit dextrin formation is the occurrence of the anoma¬ 
lous glucosidic linkages, equivalent to ramifications of the chain molecules, 
the anomalous linkage being the “nucleus” of the future limit dextrin. It 
appears quite clear by now that the occurrence of about 4.5% of l,6-«- 
glucosidic linkages in starch and about 9% in most samples of glycogen 
is the cause of the formation of the limit dextrins. The original number of 

M. Somogyi, J. Biol. Chem. U4, 179 (1938). 

F. M. Mindell, A. L. Agnew, and M. L. Caldwell. J. Am. Chem. Soe. 71. 128 
(1949). 

C. 8. Hanes, Iftw Phytologut M, 101,189 (1937). 

*” K. l^rUck, Current Set. India 0, 47 (1937). K. Myrbtek and K. Ahlbois, 
8muk Km. Tid. 49. 210 (1937). 
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these anomalous linkages in the substrates is recovered in the limit dextrins, 
provided these are not secondarily degraded.**® The correctness of the 
theory of the anomalies as cause of the limit dextrin formation is very 
strong y supported by the isolation of the calculated amount of isomaltose 
following starch degradation with taka-amylase.^'® 

The substitution of certain glucose residues in root and tuber starch with phos¬ 
phoric acid is certainly an “anomaly** of the presumed kind,*** since all phosphoric 
acid of potato starch is recovered in the limit dextrine,provided of course that 
phosphatases are absent. A tetrasaccharide limit dextrin containing one phosphoric 
acid group was isolated by Posternak,*®* who also was able to show the formation of 
glucose-C-phosphate on acid hydrolysis of such phosphorus-containing limit dextrins. 
An ester containing 5% phosphorus was isolated by Northrop and Nelson.*** Starch 
phoBphorylated by means of phosphorus oxychloride, in chloroform yields a glucose 
monophosphoric acid on treatment with taka-amylase.**^ But the phosphorus con¬ 
tent of the various starches is generally so low that the substitution with phosphoric 
acid probably plays a very subordinate role in limit dextrin formation. 

On the whole we may suggest as a basic proposition that the course of 
amylolysis is determined: (a) by the occurrence in the substrate molecules 
of ^‘anomalous*’ 1,6-a-glucosidic linkages, which are not ruptured by the 
amylases, and (6) by the fact that the amylases, although their only action 
is a rupture of 1,4-a-glucosidic linkages, do not attack these linkages in¬ 
discriminately. The hydrolyzability of a certain 1,4-a-glucosidic linkage 
depends on its situation in the substrate molecule, especially its distance 
from anomalies as end groups, branching points, etc. 

Neither a- nor /3-amylases have any action on simple glucosides,*** nor 
do they hydrolyze a- or /3-maltosides.*** The fact that the simple a-mal- 
tosides are quite resistant to a-amylase should enable one to draw certain 
conclusions regarding the action of the enzyme on maltotriose {vide infra). 

We must consider separately the action of the two types of amylases: 
(a) the exoamylase or saccharifying enz 3 rme, represented by cereal /3-amyl- 
ase, and (6) the endoamylases or a-amylases, dextrinizing, or liquefying 
amylases. There is abundant evidence that the various types of enz 3 rmatic 
hydrolysis of starch and glycogen are brought about by these two types 
of amylases, separately or in mixture. No liquefaction of starch paste is 
known which is not caused by the dextrinizing a-amylases,**^ the existence 
of the alleged liquefying amylophosphatase being very doubtful. 

*•* K. Myrb&ck and K. Ahlborg, Biochem, Z, 307,69 (1940). K. Myrback, J. prakt, 
Chem, 162, 29 (1943). K. Myrb&ck, Svensk Kern, Tid, 68, 119 (1946). 

T. Posternak and H. Pollaczek, Helv, Chim. Acia 84, 921 (1941). 

••• T, Posternak, Bull. soc. chim. France (4) 27, 607, 664 (1920); Compt. rend. 197, 
1167 (1933); 198, 606 (1934); Helv. Chim. Acta 18, 1361 (1936). 

*•* J. H. Northrop and J. M. Nelson, J. Am. Chem. Soc. 88, 472 (1916). 

*•* J. Kerb, Biochem. Z. 100, 3 (1919). 

*** J. Blom and B. Braae, Enzymologia 4, 53 (1937). 

*** B. Helferioh and S. R. Petersen, Ber. 68, 790 (1936). 

*** C. M. Hollenbeck and M. J. Bli^, Cereal Chem. 18, 764 (1941). 
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It must be remembered that the dextrinizing a-amylases are, in a sense, sacchari- 
f 3 nng as well. The general difference between the two groups of enzymes is that 
/J-amylase as an exoenzyme splits off maltose directly from the end chains of the 
polysaccharides, whereas the a-amylases in an initial rapid phase transform the 
polysaccharides into low-molecular but nonfermentable dextrine, a process identical 
with the so-called liquefaction. In a second, slow phase these primary dextrine (a- 
dextrins) are more or less completely saccharified, i.e., transformed into a mixture 
of maltose, smaller amounts of glucose, and in most cases moderate amounts of limit 
dextrine containing the “anomalies” of the substrate molecules. This second phase 
of a-amylase action, which in the case of malt a-amylase is very much slower than 
the initial rapid dextrinization, is not due to contamination of the a-amylase with 
P-amylase but an action of the a-amylase itself.*" 

2. Mechanism of /3-Amylase .\ction*” 

This enzyme, as already mentioned, attacks normal chain molecules 
(i.e., those having the glucose residues united by 1,4-o-^uco8idic linkages), 
from the nonreducing end group. The second linkage from the chain end is 
ruptured, giving birth to a maltose molecule. In other words, a sacchadde 
or a ponreducing chain end like that represented in Fig. 13 is broken down 
in the following way: linkage 2 is hydrolyzed (a) if linkages 1 and 2 are 

P < C < B 4 * 

3 2 I 

Fio. 13. Tetrasaccharide (normal a-dextrin) with four maltose linkages (“malto- 
tetraose”). 

normal 1,4-a-glucosidic linkages, (b) if 3 is an a-glucosidic 1,4 or 1,6 
linkage iZ may possibly be any glucosidic linkage whatsoever, but nothing 
is known about other linkages than those mentioned), and (c) if A, B, and 
C are otherwise unsubstituted. D may be engaged in a glucosidic linkage 
or it may carry a free pseudoaldehydic group or even a carboxyl group.*** 

If a substrate molecule contains maltose linkages exclusively (as in the 
original Haworth starch formula), it is completely saccharified by /3-amyl- 
ase. This means that unbranched amylose is saccharified to 100%, which, 
in its turn, means that any normal saccharide containing 4 or more glucose 
units and maltose linkages is hydrolyzed. The complete saccharification of 
amylose seems well established by now.*** Doubts in this respect were 
foimded on experiments in which contamination of the amylose with 
amylopectin or retrogradation of the amylose solution were the causes of 
incomplete conversion. 

'*' K. Myrbftek and B. Lundberg, 8ven*k Ketn. Tid. 65,36 (1943). K. Myrblek and 
P. J. Palmerantz, Arkip Kemi Mineral. Qeol. UA, No. 6 (1944). 

**' K. Mjrrbick and K. Ahlborg, Bioekem. Z. Sll, 213 (1942). K. Myrbkok and Q. 
Nycander, ibid. Ul, 236 (1942). 
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It should, however, be mentioned that Peat et al. (First International Congress of 
Biochemistry, Cambridge, England, 1949), using crystalline /^-amylase from sweet 
potato, have found a saccharification limit of native amylose at 70%, whereas the 
same amylose preparations were completely saccharified by soybean or barley 0- 
amylase. These enzymes also saccharified the ‘limit dextrin** of sweet potato /3-amyl- 
ase. Amylose synthesized by crystalline muscle phosphorylase was found to be com¬ 
pletely saccharified even by sweet potato crystalline /S-amylase. If these results are 
not caused by the physical state of the substrate solutions (retrogradation), one 
would have to conclude that native amylose contains some sort of anomaly, and that 
the barley and soybean /3-amylase contain at least two different enzymes, acting in 
amylose degradation.”®* 

It appears that the shortest normal saccharide to be attacked by jS- 
amylase is the tetrasaccharide (^‘maltotetraose^O- Maltotriose is not hydro¬ 
lyzed.*^* Chain molecules with an uneven number of glucose units there¬ 
fore must yield one molecule of maltotriose. In the case of amylose with 
several hundreds of glucose units per molecule the yield of maltotriose will 
be very small, but if amylose (or starch or glycogen) is primarily degraded 
by a-amylases to some extent, the low-molecular dextrins (a-dextrins) so 
formed in all probability contain considerable amounts of chains with an 
uneven number of glucose units (penta- and heptasaccharides, etc.). On 
treatment with /3-amylase such products will yield fairly large amounts of 
maltoiriose.**^ 

The reducing end group of a normal saccharide chain has no active role in the 
attachment of the /3-amylase molecule or in the enzymatic action; it can be oxidized 
to a carboxyl group without impairing the enzyme activity.**® If, for instance, a 
normal hexasaccharide (maltohexose) is oxidized to the corresponding “-onic” acid, 
this is split by /3-amylase into two molecules of maltose and one molecule of maltonic 
acid. The terminal maltose unit of the hexasaccharide is, however, split off more 
easily than the second, the carboxyl group (possibly also the aldehyde group in the 
normal saccharide) having a perceptible “anomaly** action. 

Solutions of ordinary starches yield 53-60% sugar with /3-amylase, the 
sugar being pure maltose.'**- *** The determination of the saccharification 
limit is not easy since most /3-amylase raw materials contain small amoimts 
of a-amylase, which of course tend to increase the saccharification. Blom 
et working at pH 3.6, where a-amylase is very rapidly inactivated, 

M. Sameo and E. Waldschmidt-Leiti, Z, physiol, Chem. 203, 16 (1931). G. G. 
Freeman and R. H. Hopkins, Biochem. J. 80, 446 (1926). K. H. Meyer, P. Bernfeld, 
and J. Press, Helv. Chim, Acta 23, 1465 (1940); 24, 50 (1941). K. Myrb&ck and W. 
Thorsell, Svensk Kern, Tid. 64. 50 (1942). R. H. Hopkins, B. Jelinek, and L. E. Har¬ 
rison, Biochsm, J, 43, 32 (1948). F. C. Cleveland and R. W. Kerr, Csrsal Chem. 26, 
133 (1948). P, Bernfeld and P. Gtirtler, Helv. Chim. Acta 31, 106 (1948). 

Peat, W. J. Whelan, and S. J. Pirt, Nature 164, 499 (1949). 

K. Myrb&ck and R. Lund4n, Arkiv Kemi Mineral. Oeol. 23A, No. 7 (1946). 

J. L. Baker, J. Chem. Soc. 81, 1177 (1902). C. S. Hanes, Can. J. Research 18B» 
186 (1935). G. G. Freeman and R. H. Hopkins, Biochem. J. 30, 442 (1936). 
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found the value 53%, which they considered to be the true limit value. 
Hopkins et however, believe 66-57% (pH 4.6) to be a truer value, 

since considerable inactivation of jS-amylase occurs in more acid solution. 
Most authors give values about 60%. According to Hopkins the limit value 
varies somewhat with the starch employed, but retrogradation is not the 
cause. 

If pure ^-amylase degrades amylose only to 70% (Peat ei aL, see above) it should 
be expected that the saccharification limit of starch is lower than 60%. Since these 
authors report that treatment of soybean /^-amylase solution with acid at pH 3.6 
causes the saccharification of amylose to stop at 70%, it might be that acid treatment 
destroys the hypothetical second enzyme in soybean /9-amylase. This could be an 
explanation of the low limit of saccharification found by Blom. 

Since the ordinary starches contain about 25% amylose, it should be 
expected that pure amylopectin would yield 50% maltose at most. Hodge, 
Montgomery, and Hilbert^®^ found the value 55%, calculated as maltose 
hydrate. No differences were found between amylopectins from com, 
wheat, sweet potato, potato, and tapioca. Meyer et obtained 62% 
maltose from com amylopectin and 59% from potato amylopectin. 
These values, which do seem high, are thought to support the ideas con¬ 
cerning the enzymatic synthesis of the polysaccharides which have been 
proposed by Bemfeld and Meut4m^dian.*^ (The problem of the synthesis 
had been treated earlier from a mathematical point ot view and much the 
same ideas expressed by Sill4n and Myrback.***) 

The saccharification of glycogen by /fi-amylase has been thoroughly in¬ 
vestigated by Meyer et 

Different fractions of muscle glycogen gave the values 32^3% maltose; yeast 
glycogen gave 46-48%. Glycogen treated with acid for a short period gave 53% malt¬ 
ose. It is supposed that the big enzyme molecule cannot penetrate into the compli¬ 
cated network of the native glycogen molecules. Morris** found the value 46% for 
rabbit liver glycogen, but only 28% with corn glycogen. Meyer and Fuld,*** however, 
found no difference between corn glycogen and the animal polysaccharide. Carl- 
qvist** working with Hofmann-La Roche glycogen found a yield of 38-46% maltose, 

••• R. H. Hopkins, R. H. Murray, and A. R. Lo^ood, BtocAem. 7.40,607 (1946). 

J. E. Hodge, E. M. Montgomery, and G. E. Hilbert, Cereal Chem, 20, 19 (1948). 

*** K. H. Meyer, P. Bernfeld, P. Rathgeb, and P. GUrtler, Helv. Chim, Acta 31, 
1636 (1948). 

*** L. G. SillOn and K. Myrb&ck, Svenek Kem, Tid. 06, 294, 364 (1943). K. Myrb&ok 
and L. G. SillOn, ibid, 00,311 (1943); 06,61 (1944); Naiure 163,410 (1949); Ada Cham, 
Scand. 3, 190 (1949). 

** K. H. Meyer and J. Press, Helv. Chim. Acta 84, 60, 68 (1941). K. H. Meyer and 
R. Jeanloz, ibid. 86, 1784 (1943). R. Jeanloz, ibid. 87, 1601 (1944). K. H. Meyer, Ad- 
vanees in Enzymol. 3, 109 (1942). K. H. Meyer, P. Bernfeld, P. Rathgeb, and P. 
Gilrtler, Helv. Chim. Acta 31,1636 (1948). 

*** D. L. Morris, J. Biol. Cham. 104,603 (1944). 

*** K. H. Meyer and M. Fuld, Helv. Chim. Acta 38, 707 (1949). 

B. Carlqvist, Aeta Chem. 8eand» 8,770 (1948). 
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t.«., a rupture of 19-23% of the glycosidic linkages of the substrate. After about 10% 
of the linkages have been ruptured, the velocity decreases considerably. Since there 
are, in glycogen, about 9 end chains per 100 glucose units, this fact intimates that, 
on the average, 1 maltose molecule is rapidly split off from each end chain, while the 
second or third one are loosened rather slowly. 

It is to be concluded that the action o^ /J-amylase on starch, amylopectin, 
or glycogen solutions, in general agreement with the theory of the anomalies, 
consists in (o) total degradation of the unbranched chains (amylose), and 
(6) saccharification of the end chains of amylopectin and glycogen. 

The yield of maltose from these substrates is therefore a measure of the 
relative number of glucose units situated in the end chains of the polysac¬ 
charides. The values found agree rather well with those predicted by Sill4n 
and Myrback®*® on the basis of a calculation of random synthesis of 1,4- 
and 1,6-gluco8idic linkages by phosphorylase and isophosphorylase. 

In addition to maltose there are formed from the branched polysac¬ 
charides practically nonreducing limit dextrins, the )3-amylase limit dex- 
trins, or simply /3-dextrins. Many names for these substances appear in the 
literature: erythrogranulose, a-amylodextrin, etc. The /3-dextrin from starch 
is generally said to be colored blue or purple by iodine. This is a little 
surprising, since amylopectin from which it originates is reported to give 
only a reddish color. It may be that traces of undegraded amylose, caught 
in the network of the amylopectin, cause the blueish color. 

The fact is important that the /3-dextrin from amylopectin has an end 
group for each 11 to 12 glucose units.*®^- Since the corresponding value 
for amylopectin is about 18 and since about 50% of the glucose residues 
are removed by /8-amylase, one would expect /8-dextrin to have 1 end group 
for about 9 glucose units. In any case it is quite clear that the real number 
of end groups is not much lower than that of the parent amylopectin 
molecule. The same result was obtained by Meyer and Fuld*®^ in the case 
of glycogen. 

When the end chains of amylopectin or glycogen are saccharified by /3-amylase, the 
new end groups of the /8-dextrin would conceivably be those marked A-D in Fig.14, 
or possibly those marked A, B, E, and F, if the enzyme is capable of liberating 1 malt¬ 
ose molecule from each of C and D. In the first case the /8-dextrin would have the 
same real number of end groups as the parent molecule, but if the end groups are 
A, B, E, and F, the number of end groups in the /8-dextrin would be about 75% of 
that of the parent amylopectin molecule.*’* The experimentally found end group 
values for amylopectin and for the corresponding /8-dextrin are probably not exact 
enough to permit the decision between these two possibilities. If C and D are the 
real end groups, the specificity of the /8-amylase is that presented above, but if E 

»•» W. N. Haworth, E. L. Hirst, D. Kitchen, and S. Peat, J. Chem, Soc, 1937, 791. 
K. H. Meyer, M. Wertheim, and P. Bernfeld, Helv. Chim. Acta 94, 212 (1941). 

••• K. H. Meyer and M. Fuld, ffelv, Chim. Acta 94, 376 (1944), 

Not 60% as erroneously stated by Myrb&ck."* 
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and F are the real end groups, linkage 2 in Fig. 13 must be split even if glucose residue 
C is substituted by a glucosyl unit in the 6 position. 

Traces of a-amylase in 0-amylase preparations may conveniently be detected by 
studying their action on 0-dextrin, and colorimetric determinations of a-amylases 
may be performed with 0-dextrin as a substrate.**' 

It is clear that studies of j3-amylase action together with results from 
other fields of starch chemistry prove that amylopectin and glycogen have 
branched molecules. But it is not possible, on the basis of the /9-amylase 
experiments alone to decide between the branched formulas proposed by 
different authors. If in the Staudinger formula the side chains are thought 
to have an average length of about 10 units and their average distance from 
each other on the principal chain is supposed to be 8-10 units, saccharifi¬ 
cation with ^-amylase may be understood. The same may be said about 
the “laminated” formula of Haworth. Meyer*®* has pointed out that, if 



Fia. 14. End groups of 0-amyla8e limit dextrin 

amylopectin is supposed to have a formula of this kind, j9-dextrin must be 
practically a simple chain molecule, on which only very short stubs of the 
side chains remain. Meyer finds that /9-dextrin acetate does not have the 
capacity to form films of considerable solidity which would be expected for 
a molecule of this kind. Meyer therefore, also on this ground, prefers the 
irregularly branched formulas for amylopectin and glycogen which he 
originally founded on experiments on the action of a yeast ens 3 rme, pre¬ 
sumably isophosphorylase (page 697), on ^-dextrin. Myrb&ck*** has pointed 
out that the current ideas concerning the enzymatic synthesis of polysac¬ 
charides seem to support the assumption of irregularly branched molecules 
zimilar to that propo^ by Meyer. 

**' E. O. Hosksm, Biochim. et Biophy$. Aela 1, 419 (1947). 

*** K. H. Meyer, P. GCrtler, end P. ^mfeld, Natun 160,900 (1947). 
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3. Mechanism of a-AMYLASE Action 
' a. Malt a-Amylase 

If the action of this enzyme on starch is determined reductometrically 
and the degree of hydrolysis is plotted against time, a curve like curve I 
in Fig. 15 is obtained.*** The reaction evidently resolves itself into two 
phases with widely different velocities; an initial, rapid phase in which 
about 17% of the glucosidic linkages of the substrate are ruptured and a 
second, considerably slower phase showing no definite limit in reasonable 



Flo. 15. (1) Starch and malt a-amylase; (II) and (III) formation of fermentable 
sugars; (IV) glycogen and malt a-amylase; (V) amylose and malt ^-amylase; (VI) 
starch and animal or-amylase. 

time. The initial phase is accompanied by an extremely rapid decrease in 
viscosity, and the products of this phase are not at all colored by iodine. 
These products evidently have an average chain length of about 6 glucose 
units. This initial phase of a-amylase action is the dextrinizaiion of the sub¬ 
strate and the products we call a-dextrins. They correspond roughly to 
what has previously been called achroodextrins. Fermentable sugars are 
formed from the beginning of the reaction but in relatively small amounts’ 
(curves II and III, Fig. 15). When the 17% hydrolysis stage is reached only 
about 10% of the substrate is fermentable with ordinary yeast ; about 90% 


K. Myrb&ck, Biochem. Z. SIX. 227 (1942), 
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is recovered as a mixture of reducing a-dextiins having an average chain 
length of about 8 glucose units. All these facts are in agreement with the 
assumption that the a-amylases are endoamylases, capable of rupturing 
glucosidic linkages far from end groups, not only in end chains but also 
between branching points of the substrate molecules. 

In the second, slow phase of malt a-amylase action on starch, increasing 
amounts of fermentable sugars are formed; this phase is suitably called the 
saccharification phase. The reduction value increases steadily and may, 
after an extended reaction time, correspond to an apparent yield of more 
than 100% maltose. Fermentation experiments show that maltose is the 
main piquet, but glucose is also formed as a primary product (t.e., not 
from maltose). The higher reduction value of the glucose is counterbalanced 
by the lower reduction value of the limit dextrins formed at the same time. 

As mentioned before the saccharification phase is not due to contamination of the 
enzyme with /S-amylase. Purification of the a-amylase, fractional inactivation by 
heating,^ or partial adsorbtion of the enzyme on different adsorbents**" do not alter 
the hydrolysis curve nor the relation between the velocities of the two phases and 
the time necessary to change the starch so that it is no longer colored by iodine. It 
is also necessary to know if the last extremely slow stages of the saccharification are 
really due to the a-amylase and not to other carbohydrases accidentally present in 
the a-amylase solution. Myrb&ck and Sihlbom*^ have compared crude and purified 
preparations in this respect. No differences in the saccharification curve were ob¬ 
served and it seems possible to state that the hydrolysis curve is really characteristic 
of malt a-amylase. 

The curve is substantially the same for all native starches investi¬ 
gated.***- *** It is the same also with soluble starches and substrates pre¬ 
pared from starch which by acid degradation have completely lost all paste¬ 
forming capacity. This is one proof among others that the form of the 
hydrolysis curve is not caused by retrogradation of the substrate. If a sub¬ 
strate is used which has been obtained by a very strong degradation of 
starch by acid, the hydrolysis curve alters its shape.*** The relative number 
of linkages ruptured in the dextrinization phase (t.e., with the high initial 
velocity) decreases (Fig. 16). If starch is degraded by acid to an average 
chain length of about five glucose units, no dextrinization phase is observed 
at all. The saccharification phase, however, remains substantially unaltered. 

The explanation of this behavior of malt a-amylase toward substrates of 
varying chain lengths is that the enzyme is able to attack interior linkages 
(relatively far from end groups or other anomalies) of fairly long chains 

'** K. MyrUck and E. Sihlbom, Arkiv Kemi 1. 1 (1049). 

'** B. Ortenblad and K. Myrbftck, B ochm. Z. 307, 123 (1941). K. MyrUck and 
B. Ortenblad, ibid. 316,429 (1944). K. Myrb&ck and B. Martcliua, ibid. 316,414 (1944). 
K. Myrb&ck and G. Stenlid, Svemk Kem. Tid. M103, (1042). K. Myrbtck, G. Stenlid, 
and G. Nycander, Bioehem. Z. 316, 433 (1044). 

*‘* K. Myrb&ck and W. Thoraell, Svemk Kem. Tid. 60, 178 (1043). 
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at a much higher velocity than it attacks linkages in short-chain molecules. 
This, in turn, is due to the fact that malt a-amylase has a very high affinity 
for substrate molecules of great length but a low affinity for chain molecules 
shorter than a certain number of glucose units; this number should not be 
far from 8. The easily split linkages in the high-molecular substrates are in 
themselves in no way different from the majority of the 1,4-linkages in 
starch. The cause for their being split at a high velocity is that they are 
far enough removed from end groups or other anomalies. It seems that, 
in an endless chain molecule with 1,4-a-glucosidic linkages exclusively, the 



hr. 

Fio. 16. Action of malt a-amylase on starch paste, pretreated with acid. (I) Un¬ 
treated starch; (II) average degree of polymerisation 9; (III) average degree of 
pol 3 rmerization 5.5. 

probability of being attacked by the malt a-amylase is the same for all 
linkages. In short chains or in chains containing anomalies as branching 
points, the ensyme is influenced by the end groups and anomalies in a way 
that decreases the enzyme-substrate affinity and reduces the velocity of 
hydrolysis of certain linkages (lide infra). 

If malt a-amylase action on starch is interrupted at about 17% hydro¬ 
lysis*® and the products are fractionated after removal of the fermentable 
sugars, one finds that the a-dextrins are not homomolecular; however, the 
differraces in chain length are not very great, from 4 to about 12 umts 
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being represented. The composition will of course depend very strongly on 
the precise degree of hydrolysis at which the experiment was interrupted. 
The general nature of the a-dextrins can be ascertained to some degree by 
studying their degradation with /3-ainylase.*“ One finds that certain frac¬ 
tions are practically completely transformed into maltose; these a-dextrins 
are thought to be ‘‘normal/’ t.e., to contain only maltose linkages. These 
fractions generally contain saccharides with 4“8 glucose units and the 
hexasaccharides seem to preponderate. 

Other fractions, generally having a somewhat higher average chain 
length, are incompletely saccharified by /9-amylase. They yield a certain 
amount of fermentable sugar, chiefly maltose, but nonfermentable, low- 
molecular limit dextrins as w’ell. It is concluded that these a-dextrin frac¬ 
tions, the “anomalous a-dextrins” contain one or in some cases possibly 
more than one isomaltose linkage, or in other words that they contain side 
chains (B, Fig. 3). A molecule of this type will be only partially saccharified 
by i^-amylase, the part enclosed in the dotted line being converted to 
maltose, the remainder (with the isomaltose linkage) being left as a limit 
dextrin. Normal a-dextrins, as E in Fig. 3, are completely saccharified and 
leave no limit dextrins. 

It is believed that the normal unbranched a-dexirins originate from the 
amylose and from the relatively long end chains of amylopectin (or glyco¬ 
gen), and that the anomalous a-dextrins are formed from the branched 
“nucleus” of amylopectin or glycogen by rupture of solitary linkages be¬ 
tween ramification points. 

When malt a-amylase acts on glycogen, a curve like curve IV in Fig. 15 
is observed. The dextrinization phase is shorter, obviously because there 
is no amylose component in glycogen and because the end chains are 
shorter on the average than those of amylopectin. Approximately the same 
curve is obtained if the enzyme acts on /9-amylase limit dextrin. This is 
explained by the fact that in this substrate the amylose and the end chains 
of the amylopectin are already removed. On the other hand the interior 
chains of amylopectin are longer than those of glycogen. From /9-dextrin, 
a-amylase evidently produces anomalous a-dextrins almost exclusively. 

In experiments with malt a-amylase and amylose Myrb&ck and Thor- 
8ell*‘* found a hydrolysis curve (curve V, Fig. 15) of the same general shape 
as the curve observed with starch as a substrate. In contradiction to these 
results Bemfeld and 8tuder-P4cha*‘* found that the rapid phase of malt 
a-amylase action on amylose continues to a degree of hydrolysis of 40- 
45%. They explain the slow increase of the reduction value after that to a 
slow hydrolysis of maltotriose, which probably is the correct interpretation 

•» K. Myrb&ck, Biochem. Z, 307, 132 (1941). 

K. MyrbAck and W. Thorsell, 8ven$k Kern. Tid, 04, 60 (1942). 

P. BemfeM and H. 8tuder-P4cha, Helv. Chim. Arfa 30, 1895 (1947). 
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of this psrt of the cyrve. The break in the curve at about 22% hydrolysis 
found by Myrback and Thorsell (Fig. 15) is ascribed by Bemfeld and 
Studer-P6cha to retrogradation of the substrate. However, several facts 
prove that this interpretation is untenable. The fact that the reaction 
mixture at 22% hydrolysis after boiling or treatment with alkali gives no 
color at all with iodine shows that no unchanged substrate is present. If 
during the first rapid phase of the reaction (below 22% hydrolysis) samples 
are removed, treated with alkali, neutralized, and used for potentiometric 
determination of amylose, it appears that the total amount of amylose is 
broken down to low-molecular dextrins before the stage of 22% hydrolysis 
is reached (Neumiiller, unpublished). This is in good agreement with the 
fact that, in the experiments of Myrback and Thorsell, at 22% hydrolysis 
practically all amylose could be recovered in the form of low-molecular 
a-dextrins with 4-10 glucose units per molecule. These and other facts show 
that the curve V of Fig. 15 is not caused by retrogradation of the amylose 
solution. The same curve was found irrespective of the previous treatment 
of the solution and the same amylose solutions were saccharified to 100% 
by barley /3-amylase. It is the authors’ opinion that in the experiments of 
Bemfeld and Studer-P^cha the initial velocity was so high that the break 
in the curve at 22% hydrolysis escaped observation. 

It seems permissible to conclude that in the action of malt a-amylase 
on amylose there is an initial rapid dextrinization period, which in this case 
comprises some 22% of the linkages of the substrate (compared to about 
17% in the case of starch). It should be emphasized at this point that the 
explanation of the results mentioned does not involve any assumption of 
more than one kind of glucosidic linkage in amylose. 

In a large-scale experiments*^ the hydrolysis of amylose by malt a-amylase 
was stopped at 22.4% hydrolysis. There was present 17% fermentable 
sugar, maltose, presumably maltotriose, but only traces of glucose. The 
fermentable sugar was removed and the a-dextrins fractionated. The aver¬ 
age chain length of the six fractions isolated varied between 4 and 10 units. 
No high-molecular products were present. It is easy to show mathematically 
that this composition of the degradation products is unthinkable if it is 
supposed that the enzyme attacks all glucosidic linkages of the substrate 
with the same probability. Even the additional hypothesis of Meyer that 
one linkage at each end of the chain is stable or split at a greatly reduced 
velocity is not sufficient to explain the facts. It is necessary to assume that 
more than one linkage at the chain ends is more or less protected against 
the enzyme action. The action of the enzyme on amylose is easily imder- 
stood if it is assumed, as above, that the enzyme has a high affinity for 
chains longer than about 8 glucose units but a much lower affinity for 
shorter chains. This is equivalent to the assumption that the enzjme, in 
order to show its maximum activity, has to arrange 6-7 glucose units of a 
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chain nudecule in a distinct pattern on its surface, as shown schematically 
in Fig. 17. End groups, aide chains, any anomaly in the part in question 
of the substrate molecule more or less disturb its arrangement on the bind¬ 
ing area of the ensyme molecule, decrease the affinity, and decrease the 
velocity of hydrolysis. 

In a long-chain molecule such as amylose, all linkages are attacked with 
about the same probability except a certain number, probably not far from 
six, glucosidic linkages, distributed on both .chain ends.'** These linkages 
will be more or less protected against the enz 3 rme action because of the low 
affinity' of the enz 3 rme for the terminal parts of the chain. If the chain is 
very short as in the a-dextrins, both end groups at a time will probably 
influence the affinity or in other words the hydrolyzability of all the gluco¬ 
sidic linkages, and if the chain is somewhat longer, say 10-12 units, it is 
probable that the linkage primarily attacked by the enzyme will be close 
to the middle of the chain. It is then quite understandable that a long-chain 
molecule such as amylose, under the influence of an enzyme with this type 
of specificity, will eventually yield a mixture of a-dextrins in which those 


\ Binding oreo of tnzymt 

— 4 —.. - 

Binding orto of enzyme 

Fig. 17. Fixation of a chain molecule on the surface of the malt a>amylase molecule. 
About eight glucose units are arranged in a definite pattern on the binding area. This 
corresponds to maximum enzyme-substrate affinity. 

of 6-7 units will predominate. Since both end groups are not of the same 
kind it is probable that the number of “protected” linkages is not the same 
at both ends. The problem has been treated in detail by Myrb&ck and 
Sill6n.*‘* 

The formation of glucose in the later stages of saccharification shows that 
the enz 3 Tne can hydrolyze even one terminal linkage. The velocity is, how¬ 
ever, very low. It seems that maltotriose, which is formed in the early 
stages of hydrolysis by a-amylase disappears again on prolonged action of 
the enzyme.*" Fig. 18 gives a schematic picture of the maltotriose molecule. 
Evidently one of the two linkages can be ruptured by a-amylase. Since 
Msrrb&ck and Nycander"* found that no glucose was formed from an 
“-onic” acid corresponding to a hexasaccharide, whereas the saccharide 
itself yielded considerable amounts of glucose, it seems permissible to as¬ 
sume that the reducing end group of a saccharide is split off as glucose by 
malt a-amylase. It seems that the enzyme can attack linkage 2, but not 
linkage 1 (Fig. 18). 


K. Myrb&ck and L. G. Silldn, Semtk Ktm, Tid. 86,142 (1944). 
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When a-amylase is allowed to act on starch or amylose for a prolonged 
time, maltose invariably is the chief product. Since fermentable sugars are 
formed by hydrolysis of the a-dextrins and since in the normal a-dextrins 
hexasaccharides preponderate, one might ask if in a normal hexasaccharide 
(Fig. 19) linkages 2 and 4 are more easily ruptured than linkage 3. Myrbfick 
found in an experiment after a relatively short reaction time 17% glucose, 
60% maltose, and 23% maltotriose.*^* However, it is not possible to decide 
if the maltose was split off from the hexasaccharide as such or was formed 
by secondary hydrolysis of maltotriose. 

As already mentioned it is highly probable that, in a branched molecule, 
the presence of a branching or any other anomaly at a certain point renders 
the attachment of the enzyme more difficult and therefore decreases the 
affinity of the enzyme for this part of the molecule. The presence of the 
anomalies causes a steric hindrance; they prevent the enzyme from ^'getting 
hold” of the chain. A certain number of normal linkages in the vicinity of 
an anomaly will be more or less protected against the enzyme action. There¬ 
fore the end chains of amylopectin and glycogen will be primarily attacked 

' 4 < - 

2 I 

Fig. 18. Maltotriose 
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Fia. 19. Hexasaccharide with maltose linkages (normal er-dextrin, ‘^maltohexaose’*) 

as far as possible from the end group and from the branching point, and 
correspondingly the interior chains will be attacked somewhere in the mid¬ 
dle, or possibly not attacked at all if they happen to be very short. 

The differences between the theory of a-amylase action outlined here and 
that advocated by Meyer and associates is not very great. Meyer assumes 
that only one terminal linkage at each end of a normal chain is split at a 
strongly reduced velocity. Hence maltotriose, which has only terminal 
linkages, is split very slowly. However, it is a fact also that oligosaccharides 
containing from four to about eight glucose units and maltose linkages ex¬ 
clusively are hydrolyssed at a velocity which is only very small compared to 
that of starch or amylose. Myrb&ck and Nycander*** found that the velocity 
of hydrolysis of a normal hexasaccharide was only 17% of that of the 
hydrolysis of soluble starch. It is therefore evident that not only one termi¬ 
nal linkage at each end of the chain is ruptured at a reduced velocity. 

b. Other a-Amyloses 

Malt n-amylase has an action on the substrates, especially starch, which 
differs somewhat from that of the other more or less well known a-amyl- 

K. MyrbSck, Arch, Biochem. 14, 53 (1947). 
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ases.***’ This does not mean that malt a-amylase and other a-amylases 
should yield substantially different reaction products; the form of the 
hydrolysis curve, however, is at least different. The animal amylases and 
most other a-amylases give curves, when the degree of hydrolysis is plotted 
against time, which do not deviate very much from the monomolecular 
form, and thus display no distinct breaks (curve VI, Fig. 15). In these 
cases, therefore, it is not possible to distinguish sharply between the dex- 
trinisation and the saccharification phase. On the other hand, the rapid 
initial decrease in viscosity of a starch paste and the loss of the color reac¬ 
tion with iodine characterize the action of these enzymes as primarily 
dextrinizing. It is also clear that in the dextrinization by these enzymes 
substantially the same products, the a-dextrins, are formed as in the case 
of malt a-amylase. As early as 1934 Waldschmidt-Leitz and R3ichel*^^ 
found that fairly large amounts of hexasaccharides could be isolated after 
dextrinization with pancreatic amylase. ‘^Erythrodextrins” with higher 
degree of pol 3 rmerization were isolated by Kohler-Hollander.*'* 

Bernfeld and Fuld*** have determined the ratio between dextrinogenic and sac- 
charogenic power for different a-amylases and found a practically constant value 
(Table III). They conclude that the enzymes have the same action on starch. This 
is true without doubt for the dextrinization phase of the reaction; the ratios between 
the velocities as measured by iodine coloration, viscosity, and liberation of reducing 
groups are nearly constant. This means that until the *^achroic** stage (stage of the 
a-dextrins) the reactions are practically identical. But later on, in the true saccharifi¬ 
cation phase (as defined earlier in this paper), the differences are obvious. 

The mode of action of the a-amylases in general is the same; they are 
endoamylases and have a high affinity for normal parts of substrate mole¬ 
cules far from end groups and other anomalies. These more or less block 
the attachment of the enzyme molecules to the substrate chains. As in the 
case of malt a-amylase the other a-amylases have the highest affinity for 
such parts of the substrate molecules which are normally built over a 
length of at least about eight glucose units. Hence the rapid dextrinization 
is observed, which is, however, accompanied by formation of fermentable 
sugars from the beginning. The form of the hydrolysis curves shows that 
the rapidity of the saccharification, as measured by the increase in reducing 
groups, in these cases is not very much lower than that of the initial dex¬ 
trinization phase. In the case of malt a-amylase on the other hand, the 
velocity of the saccharification is, as already mentioned, very low com¬ 
pared to that of the dextrinization. It is therefore to be concluded that the 
affinities of the other a-amylases for long-chain molecules on one hand, and 
for chains shorter than, for example, 8 units on the other, are not so pro- 

*** H. C. Sherman and J. C. Baker, J, Am, Chem, 8oc, 88 , 1885 (1916). 

E. Waldschmidt-Leitz and M. Reichel, Z, phyBtol. Chem, 888 , 76 (1934). 

L. Kdhler-Hollander, Z. phy$iol. Chem. 828, 249 (1934). 

P. Bernfeld and M. Fuld, Helv. Chim, Acta 81, 1423 (1948). 
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nounced as in the case of malt a*amylase. The arrangement of the substrate¬ 
binding groups on the enzyme surface is such that even comparatively 
short chains with, for instance, 4 or 6 glucose units can be relatively firmly 
bound and as a consequence thereof relatively rapidly hydrolyzed. In the 
case of malt a-amylase one is inclined to assume that for the ‘‘successful*’ 
attachment of a certain part of the substrate molecule on the enzyme sur¬ 
face so many substrate-binding groups in different positions are required 
that the full affinity and consequently the full enzyme activity is reached 
only if the enzyme has access to a normal part of a chain longer than about 
8 glucose units (Fig. 17). If the available part of the chain is shorter than 
that, the affinity is very severely decreased probably because only a re¬ 
duced number of the substrate-binding groups can exert their action. 

The affinity of several a-amylases for starch has been determined by 
Bemfeld and Studer-P4cha**® and the affinity constant (Michaelis-Menten 
constant) calculated according to Lineweaver and Burk.®^' The affinity de¬ 
creases in the sequence: pancreatic, bacterial, and malt a-amylase. It must 
be noted that the values give no indication of the affinities for short-chain 
substrates. Investigations of the kinetics of starch degradation by several 
a-amylases have enabled Hopkins and Kulka*®® to draw certain conclusions 
regarding the affinity for low-grade dextrins. 

The essential feature of the theory of a-amylase action outlined above 
is that the enz 3 rmes are thought to be endoamylases in the sense that they 
have an affinity for elements of substrate molecules far from end groups. 
Only such parts of the substrate molecules can be attacked by the enzymes 
which, over a length of a certain number of glucose units, have a “normal** 
constitution, f.e,, contain unsubstituted glucose residues united by 1,4-a- 
glucosidic linkage. It is believed that anomalous elements of constitution, 
as end groups, ramifications, and substitution ^vith phosphoric acid, consti¬ 
tute a steric hindrance to the attachment of the enzyme to the substrate 
molecules. This means, for instance, that the affinity of the a-amylases to 
normal chain molecules decreases with the chain length of the substrate. 
The decreajse in affinity with decreasing chain length is probably small until 
a certain critical chain length is reached, which in the case of malt a-amylase 
should be about eight glucose units, where, owing to the vicinity of the end 
groups (or other anomalies) a sudden and strong decrease in affinity occurs. 
This explains the peculiar form of the hydrolysis curve (Fig. 15). In other 
cases as with the animal amylases the decrease in affinity is less pronounced 
and may possibly occur at a different critical chain length. The velocity 
of the saccharification phase is therefore not very much lower than that of 
the dextrinization and no break occurs in the hydrolysis curve. 

“• P. Bernfeld and H. Studer-Pdcha, Helv. Chim. Acta 30, 1904 (1917), 

H. Lineweaver and D. Burk, J, Am, Chem, Soc, 58, 65S (1934). 



720 


KARL MTRBXcK AND QUNNAR NBUMOlLBR 


No special assumptions are made regarding a possible role for the ensyme action 
of the form of the substrate molecules, whether straight or, for instance, coiled to a 
close spiral. The idea of the helical coiling of the chain molecules with 1,4-a-gluco- 
sidic linkages was introduced by Hanes”* and has proved extremely fruitful in 
several respects. It is, however, in the authors’ opinion no evidence that such coiling 
of the substrate molecules should play an essential role in the degradation of polysac¬ 
charides by a-amylases. The phenomenon of the coiling may on the other hand be 
involved in the action of BaeiUut macerant amylase. 

VI. Act'.on of Amylases on Raw Starch 

Raw starch is obviously broken down in germinating seeds. It is also 
easily utilized in living animals. It is then somewhat surprising that most 
amylase preparations have e.xtremely weak action on raw starch, so weak 
that it seems permissible to assume that the pure enzymes would have no 
action at ail on absolutely undamaged starch granules. Mechanical damag¬ 
ing, as in ball mills etc., or treatment writh certain chemicals greatly increase 
the susceptibility of the starch granules to amylase action.*** The resistance 
of undamaged granules has been attributed to the existence of a protecting 
layer, thought by some to be composed of foreign matter, such as fat, 
protein, or hemicellulose. However, there seems to be no real proof of the 
existence of layers containing substances other than starch,*** but the outer¬ 
most layer of the granule may be supposed to be quite dense and more 
highly dehydrated than other parts of the granule.*** Concerning the nature 
of the granules we shall refer here only to the comprehensive reviews given 
by Badenhuizen* and Frey-Wyssling.* It seems understandable that the 
large eni^rme molecules cannot gain access to the substrate molecules in 
such a dense lattice structure. It seems probable that on mechanical damag¬ 
ing the lattice is frayed so that the chain molecules become accessible to 
the amylases. All authors seem to agree that the differences in suscepti¬ 
bility of different samples of starch is not due to granule size. 

The properties of the granules are not the only determining factor; 
various amylases have a very different action. Stamberg and Bailey***" 
found that raw wheat starch was degraded by /9-amylase only to 1%, 
whereas different preparations of a-amylase gave 4-10% hydrolysis. Raw 
wheat starch ground in a rod mill for 84 hours was easily hydrolyzed by 
both amylases, the rate being almost the same as with starch paste. Blirii, 
Sandstedt, and Meecham*** have found that wheat contains an enzymatic 
“rawstarch factor,” different from a-amylase, which accelerates the hydrol¬ 
ysis oi raw starch. 

Raw starch is utilized without difficulty by living animals. Balls and 

*« J, M. Newton, F. F. Farley, and N. M. Naylor, Cereal Chem. 17, 342 (1942). 

*** C. L. Aleberg, Proe. Bxptl. Biol. Med. SS. 127 (1987). 

*** S. Schwimmer, J. Biol. Chem. 161,219 (19tf). 

««> 0. E. Stamberg and C. H. Bailey, Cereal Chem. 16. 319 (1939). 

**• M. J. Blisli, R. M. Sandstedt, and D. K. Meecham, Ceretd Chem. 14,605 (1937). 
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Schwimxner*** therefore investigated crude pancreas extracts and mixtures 
thereof with other amylase preparations. A high activity was found in a 
mixture of pancreas extract and mold bran amylase. Schwimmer”* finds 
that some enzymatic factor in addition to the recognized amylases is neces¬ 
sary for the rapid degradation of raw starch and believes it possible that 
this factor is maltase. The accelerating action should thus depend on the 
removal of maltose, a phenomenon which is not easy to understand but 
which seems to be borne c at by experiments in which maltose was removed 
by dialysis. 

Amylase action on raw starch plays an important role in bread making. 


VII. Amylase of Bacillus macerans 

Schardinger**’ found that Bacillus macerans when cultivated on starch- 
containing media produces considerable amounts of nonreducing dextrins, 
certain of which can readily be obtained in crystalline form. These dextrins 
have subsequently been called the Schardinger dextrins or cycloamyloses. 
Hudson et al}^^ as well as Freudenberg*^® were able to show that the con¬ 
version of starch into dextrins is due to the action of an enzyme, the 
macerans amylase, which is secreted by the bacillus into the culture medium. 

The Schardinger Dextrins, The main constituents of the starch conversion 
mixture are a- and )3-dextrins (a- and |8-cycloamyloses). Detailed schemes 
of the purification have been given.”®* The dextrins do not reduce 
Fehling solution or similar reagents. Since the molecular weight is low, 
about 1000, Freudenberg concluded that the Schardinger dextrins have a 
cyclic structure without end groups.*” This is in accordance with methyl- 
ation experiments. The methylated dextrins, on acid hydrolysis, yield more 
than 95% of 2,3,6-trimethylglucose. No tetramethyl- or 2,3,4-trimethyl- 
glucose are formed. Kratky and Schneidmesser*** found, by X-ray measure¬ 
ments, that the a-dextrin contains 6, and the /3-dextrin 6 glucose units. 
These values seem to be in accordance with molecular weight determina¬ 
tions of the methyl ethers by Freudenberg et oZ.*** French and Rundle,**^ 


••• A. K. Balls and S. Schwimmer, J. Biol. Chem. 156, 203 (1944). 

F. Schardinger, Zentr. Bakt. Paraaitenk. II 29, 188 (1911). 

E. B. Tilden and C. S. Hudson, J. Am. Chem. Soc. 61, 2900 (1939). 

“• K. Freudenberg, E. Schaaf, G, Dumpert, and T. Ploetz, Naiurwieaenechaften 


27, 850 (1939). 

K. Freudenberg and R. Jacobi, Ann. 518, 103 (1935). 

D. French, M. L. Levine, J. H, Pazur, and E. Norberg, J. Am. Chem. Soc. 71, 
353 (1949). 

••• K. Freudenberg, G. Blomquist, L. Ewald, and K. Soff, Her. 69, 1258 (1936). 
K. Freudenberg, H. Boppel, and M. MeyeT-DeVma^Naiurwiasenachaften 123 (1938). 
K. Freudenberg and M. Meyer-Delius, Her. 71, 1596 (1938). 

•*•0. Kratky and B. Schneidmesser, Ber. 71, 1413 (1938). 
w® K. Freudenberg and W. Rapp. Ber. 69,2041 (1936). K. Freudenberg, E. Planken- 
horn, and H. Knauber, Ann. 558, 1 (1947). 

D. French and R. E. Rundle, J. Am. Chem. Soc. 64,1561 (1942). 
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however, find that their X-ray measurements agree better with the assump¬ 
tion of 6 glucose units in the a-dextrin and 7 in the /3-dextrin. 

The Schardinger dextrins give characteristic compounds with iodine; 
the cr-dextrin yields dark-purple hexagonal plates or greenish-yellow nee¬ 
dles; the /3-dextrin gives yellow prisms. The Tilden-Hudson test for the 
Schardinger dextrins is based on the observation of these crystals.**' Com¬ 
pounds are also formed between the Schardinger dextrins and several or¬ 
ganic solvents as tri- and tetrachloroethylene, benzene, etc. Freudenberg 
has presented an attractive theory on the nature of these and the iodine 
compounds. Data on the solubilities and other properties of the dextrins 
and the addition compounds are listed by French et ol.*** 

Incomplete acid hydrolysis of the Schardinger dextrins produces a mix¬ 
ture of undegraded material with reducing saccharides of the maltose 
type.***' ***•**•• French et have isolated a heptasaccharide, “amyl- 

oheptaose,” from a hydrolysate of the /S-dextrin. 

The B. macerans Amylase. The bacillus is grown on a potato medipm. 
Enz 3 mae formation is followed by determination of the action on starch by 
means of the Tilden-Hudson test or the decrease of viscosity. The culture 
medium is filtered through a Berkefeld candle. An approximately tenfold 
purification can be attained by precipitation with acetone and further 
purification by adsorption on aluminum hydroxide at pH 4.8 and elution 
with phosphate buffer at pH 7.6. In this way Hudson el al.*** obtained 
preparations showing about 140 times the activity of the initial solution. 

Action of the Enzyme. An enzyme unit may be calculated from measure¬ 
ment of the decrease in viscosity of a starch solution. It is not possible, 
however, in this way* to distinguish between the B. macerans enzyme and 
ordinary a-amylases, and the determination must therefore be comple¬ 
mented by determination of the characteristic action, i.e., the formation 
of the Schardinger dextrins, suitably by the Tilden-Hudson test or pre¬ 
cipitation of the dextrins with trichloroethylene or other suitable solvents. 

The pH optimum***^! the B. macerans enzyme is about pH 6. At pH 4 
or 8 the action is almost nil. Blinc and Samec*** state that the dextrin 
formation takes place only in the pH range 5.5 to 6.5. 

When the B. macerans enzyme acts on starch paste an initial drop in 
viscosity is observed. In an experiment by MyrbSek and GjSrling*** the 
relative viscosity had dropped from 5.1 to 1.3 when the Schardinger dex¬ 
trins began to appear. At the same time about 1% of the glucosidic linkages 

**• M. A. Swanson and C. F. Con. J. Biol. Chem. 172,797 (1948). 

"** K. Myrbftck and T. J&mestrOm, Arkiv Kemi 1, 129 (1949). K. Myrb&ok, Md. 1, 
161 (1949). 

*•* D. French, M. L. Levine, and J. H. Pacur, J. Am. Chem. Soc. 71, 366 (1949). 

•** E. B. Tilden, M. Adams, and C. S. Hudson, /. Am. Chem. Soe. 64, 1432 (1942). 

K. MyrbAck and L. Q. OjOriing, Arkiv Kemi Mineral. Oeol. tOk, No. 6 (1945). 

*** M. Blinc and M. Samec, Z. physiol. Chem. 282, 149 (1947). 
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of the substrate had been ruptured, as judged from the increase in reduc¬ 
tion. No fermentable sugars were present. If the viscosity is plotted against 
the reduction value much the same curve is obtained as in the case of malt 
a-amylase. This tends to show that the initial action of the B. macerans 
enzjrme is about the same as in the case of the a-amylases; the polysac¬ 
charide molecules are cut up into dextrins having so low a degree of poly¬ 
merization (on the average 100 glucose units or less) that their solution has 
an insignificant viscosity. After this initial phase or perhaps parallel to it, 
the Schardinger dextrins begin to appear. At this stage the reaction mixture 
usually gives a brownish-purple color with iodine. The yield of the dextrins 
increases with time, but the reduction value remains almost constant or 
increases slightly.*^* The maximum jrield of Schardinger dextrins from 
starch seems to be 50-60%. This high yield precludes the possibility that 
the ring structures should be preformed in the starch. Evidently the rings 
are formed by the B. macerans enzyme from straight-chain molecules or 
parts of molecules in the substrates. It is suggested that the enzyme has 
the capacity to arrange the substrate chains in helical coils on its surface 
in such a way that when a glucosidic linkage is ruptured a “transglucosida- 
tion” occurs with the free end of the chain supposed to be in close proximity 
on the enzyme surface to the broken linkage. The coils are supposed to 
contain about six glucose units,-”** this assumption seems the more reason¬ 
able as chain molecules of the amylose type have a tendency to assume a 
spiral configuration. 

The yield of Schardinger dextrins depends, ceteris paribus, on the sub¬ 
strate in a characteristic manner,”* amylose giving the highest yield of 
about 70% crystalline dextrins. The yield from amylopectin is considerably 
lower, 45-50%. Schardinger dextrins are produced also from glycogen but 
the yield is still lower. The enzyme seems to have no action on retrograded 
amylose. No dextrins are formed from /S-amylase limit dextrin, and the 
yield from starch substrates previously subjected to acid hydrolysis de¬ 
creases rapidly with increasing degree of hydrolysis. These facts support 
the idea that the Schardinger dextrins are formed from unbranched amylose 
chains and from those end chains in amylopectin, glycogen, or hydrolyzates 
thereof which have a sufficient length. In other words, the Schardinger 
dextrins are formed from the same material as is the maltose in experi¬ 
ments with ^-amylase. The minimum length of a chain capable of being 
converted to a Schardinger dextrin is estimated by Kerr to be about 20 
glucose units. In any case no Schardinger dextrins are formed from the 

W. C. McClenshan, E. B. Tilden, and C. S. Hudson, J. Am. Chem. Soc. 64, 
2139 (1942). 

*« E. J. Wilson, T. J. Schoch, and C. S. Hudson, J. Am. Chem. 8oe. 66,1380 (1948). 
R. W. Ksrr, ibid. 64. 3044 (1942); 65. 188 (1943). 
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a-dextrins with 4-10 units produced, for instance, by the action of malt 
a-amylase on starch. 

The ratio between the yields of a- and j9-dextrin varies considerably, but 
the cause is not known. Hudson et cU.**' found that when trichloroethylene 
or toluene was present during the digestion, the sield of the /3-dextrin was 
strongly increased at the expense of the a-dextrin, but no explanation can 
be given at the present time. 

The Schardinger dextrins are split into glucose by crude taka-diastase,*” 
but are not hydrolysed by the ordinary amylases and probably not by the 
B. macerans enzyme either. Nevertheless, in experiments with this enz 3 rme 
and starch, it may be observed that the Schardinger dextrins formed in an 
early stage disappear again if the reaction time is extended over the normal. 
Myrbfick and Gjorling*** found in an experiment of this kind that the 
dextrins were rather completely converted to maltose. The enzymatic 
homogeneity of the B. macerans amylase used was, of course, not proved, 
and the same may possibly be the case in the experiments of Hudson et<al., 
where the enzyme had a certain action on a pure solution of the a-dextrin; 
the optical rotation rose and a slight reducing action could be observed. 
Saccharification of the Schardinger dextrins was observed also by Kneen 
and Beckord.*** French et of.*” point out that, if the formation of the 
Schardinger dextrins is (as supposed above) an exchange of a glucosidic 
linkage in starch for a corresponding bond in the cyclic dextrins, the AF 
of the reaction would be so small that a reversion: 

cycloamylose + maltose —-* higher saccharides 

must be expected to occur. In experiments with a-dextrin and maltose (or 
certain other sugars) this reaction evidently took place, since the rotation 
rose considersbly. The least soluble fraction of the reaction products was 
shown to contain open-chain saccharides with about 9 glucose units as an 
average. Since such saccharides should contain maltose linkages exclusively, 
they must be expected to be saccharified by ordinary amylases, and this is 
probably the explanation of experiments by Myrbhck and Wilistaedt,*** in 
which pure a-dextrin, mixed with maltose, was shown to be saccharified by 
a mixture of B. macerans amylase and j9-amylase, whereas the single en¬ 
zymes were found to be totally devoid of action. 

”*E. Kneen and L. D. Beckord, Arch. Biochem. 10, 41 (1946). 

*'* D. French, J. Pasur, M. L. Levine, and E. Norberg, J. Am. Chsm. Soe. TO, 
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”* K. Myrbick and E. Willstaedt, Aeta Chen. Seand. 8. 91 (1949). 






